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ABSTRACT 
 
Plant populations are constantly exposed to a multitude of biotic and abiotic 
environmental selection pressures.  The ability of a population to persist in or adapt to its 
environment is heavily influenced by the genetic underpinnings of the traits involved.  
Thus, in order to understand patterns in current plant populations, and to predict future 
populations dynamics, an understanding of the genetic basis of adaptive traits is 
necessary.  For example, genetic correlations between traits (driven by pleiotropy or 
linkage disequilibrium) could influence how species evolve under multiple, conflicting 
selection pressures, potentially either constraining or enhancing the adaptation of species 
to each other.  
 The interaction between mycorrhizal fungi and their host trees is a useful system 
in which to advance the study of how the genetic architecture of traits affects the 
adaptation of populations.  Mycorrhizal fungi are common symbionts of most plants, 
deriving mineral nutrients from the soil and transferring them to the host, while the host 
provides carbohydrates to the fungi.  Mycorrhizal fungi have also been shown to affect 
essential host traits such as drought tolerance, and to alter competitive interactions within 
and among plant species.  In addition to symbiotic interactions belowground with EM 
fungi, loblolly pine populations are subject to aboveground antagonistic interactions in 
the form of insect pests and fungal pathogens.  Through both laboratory and field 
iii 
 
experiments, the work presented here explores the degree to which mycorrhizal traits in 
loblolly pine are genetically determined by the genetics of the host plant, and the degree 
to which mycorrhizal traits are genetically correlated with other traits.  This information 
will help us to understand how natural and artificial selection focused on one or a few 
traits of interest (e.g., to mitigate the effects of pests and pathogens) may be indirectly 
affecting other traits, such as compatibility with symbiotic species belowground, and to 
better understand how plants may evolve in response to complex suites of selective 
sources. 
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ABSTRACT 
 Correlated traits within species, when generated by pleiotropic effects of one gene 
on multiple traits, can create indirect effects on one trait by selection on another.  The 
consequences of these genetic correlations are of interest because they may influence 
how species evolve under multiple, conflicting selection pressures.  We investigated 
variation and trait correlations within loblolly pine (Pinus taeda L.)  by determining how 
ectomycorrhizal (EM) colonization corresponds to pathogen susceptibility.  We utilized 
genetic families of loblolly pine either tolerant (t) or susceptible (s) to two different suites 
of pathogenic fungi responsible for causing either pine decline (PD), or fusiform rust 
(FR) disease.   We found variation among P. taeda tolerance types in compatibility with 
EM taxa, as well as correlations between susceptibility to pathogenic fungi and 
compatibility with EM fungi.  Additionally, we detected geographic variation in the 
loblolly pine – EM fungi interaction.  The detrimental economic and environmental 
impact of the pathogenic fungi involved in pine decline and fusiform rust disease have 
stimulated investigations into the patterns of tolerance or susceptibility in dominant pine 
species, such as loblolly pine. The work presented here illustrates the potential for 
indirect selection on symbiotic EM fungi as a result of selection for resistance to fungal 
pathogens. 
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Introduction 
 Genetic correlations among traits within a species, when generated by pleiotropic 
effects of one gene on multiple traits, can create indirect effects of selection on one trait 
through direct selection on another. Such genetic correlations between traits can 
determine how populations evolve under multiple, conflicting selection pressures 
(Whitlock et al., 1995; Ridenhour, 2005).  They can lead to maladaptation of one trait 
driven by strong selective pressures on another, as well as potential facilitation by one 
trait on another’s evolution (Lynch, 1999; Futuyama, 2010). These indirect effects could 
constrain the adaptation of species to their environment, and to each other, as multiple 
selection pressures acting simultaneously on different traits of an organism create 
conflicts as to the ideal evolutionary trajectory of a population (Lynch, 1999; Wade, 
2001; Griswold & Whitlock, 2003; Ridenhour, 2005).   An understanding of the 
correlations among traits in populations is thus important when assessing the ability of a 
population to persist in or adapt to its environment, and also when considering how a 
species may respond to artificial selection.  In the two laboratory experiments described 
here, we assessed the degree of correlation among traits mediating the interaction of 
loblolly pine (Pinus taeda L.) with both pathogenic and mycorrhizal fungi, and the 
impact of environmental variation on those interactions.   
 Mycorrhizal fungi are common symbionts of most plants, deriving mineral 
nutrients from the soil and transferring them to the host, while the host provides 
carbohydrates to the fungi.  Mycorrhizal fungi have also been shown to affect essential 
host traits such as drought tolerance, and to alter competitive interactions within and 
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among plant species (Smith & Read 2008).   It has been estimated that from 6000 
(Brundrett, 2002) to as many as 20,000 (Rinaldi et al., 2008) different species of fungi 
form a particular type of mycorrhizae, ectomycorrhizae (EM).  The EM fungi include 
both host specialists and generalists, with host plants capable of simultaneous interaction 
with several to hundreds of different fungal partners, and most EM fungi having the 
ability to associate with more than one host species (reviewed in Smith & Read, 2008). 
 Given the multi-partner patterns that we see in mycorrhizal interactions, it is 
thought by some that coevolution between the interacting species is too diffuse to be 
ongoing, and when it did occur it was early in the evolution of the symbiosis (Cairney, 
2000).  There is, however, evidence to suggest the potential for more recent coevolution 
in mycorrhizal symbioses, although relatively few of the relevant experiments have been 
performed to test for ongoing coevolution in mycorrhizae (Hoeksema, 2010).  For 
example, in a reciprocal cross-inoculation experiment Johnson et al. (2010) assessed both 
plant and fungal performance in different soils and found that local combinations of 
plants, AM fungal community, and soil resulted in higher arbuscule (the site of exchange 
in AM fungi) formation by the fungi, indicating local adaptation of plants and fungi to 
each other and local soils in response to coevolutionary selection.  Such results are 
intriguing, but so few such studies have been conducted that it is difficult to generalize, 
and there is much we do not know about ongoing coevolution in mycorrhizal interactions. 
For instance, we know little about how evolution of mycorrhizal symbiosis traits is 
influenced by their genetic architecture and genetic correlations with other traits, 
including those governing interactions with additional species outside the symbiosis. 
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 In addition to mycorrhizal fungi, loblolly pine populations also interact regularly 
with fungal pathogens, such as those causing fusiform rust disease (Cronartium quercum 
(Berk) Miyabe ex Shirai f. sp. fusiforme) and those associated with the pine decline 
complex.  The pine decline complex is associated with several abiotic and biotic factors, 
including Leptographium and Grosmannia pathogenic fungal species, with symptoms 
including short, chlorotic needles and thinned crowns (review in Eckhardt et al., 2007). 
Fusiform rust, Cronartium quericum (Berk.) Miyabe ex Shirai f. sp. fusiforme, is a 
disease that can deform or even kill pines (most especially Pinus taeda L.  and P. elliottii 
Engelm.). These fungal pathogens have had negative economic and environmental 
impacts on both natural and agriculturally managed loblolly stands, causing substantial 
damage yearly.  Several studies have shown variation among loblolly pine genetic 
families in their susceptibility to both fusiform rust disease (Li et al., 1999; Isik et al., 
2008) and pine decline (Singh et al., 2014).  Studies such as these demonstrate the 
potential for evolution of pathogen tolerance in response to artificial and natural 
selection, but what we do not know is how selection on these traits might influence other 
important traits of loblolly pine, such as those mediating interactions with other species 
or communities.  
 Several studies examining artificially selected crop plants suggest that traits 
mediating mycorrhizal associations of plants may be genetically correlated with other 
traits.  For example, Zhu et al. (2001) found that modern cultivars of wheat had reduced 
mycorrhizal colonization compared to older cultivars, while Bryla and Koide (1990) 
found modern cultivars of tomato (Lycopersicon esculentum Mill) to show greater 
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vegetative and reproductive responsiveness to mycorrhizal colonization than wild strains.  
These studies suggest that although artificial selection in these plants was for other, 
agriculturally relevant traits, the association with mycorrhizal fungi was indirectly 
affected.   Studies of pinyon pine (Pinus edulis) have shown that trees differing 
genetically in tolerance to insect pests also host different EM fungal communities, 
whether or not herbivory has occurred (Sthultz et al., 2009); additionally, it has been 
found that the EM community of insect-susceptible and insect-resistant trees respond 
differently to drought conditions (Gehring et al., 2014).  Work on the genetic map of 
poplars (Populus trichocarpa) has revealed a quantitative trait locus (QTL) associated 
with the ability to associate with a particular EM fungal species that maps near a linkage 
group determined to be involved in tolerance to rust fungi (Tagu et al., 2002), suggesting 
that at least one pleiotropic locus may be influencing both traits.  Thus, selection for 
tolerance in poplars to rust infection by the fungus Melampsora larici-populina could 
affect the evolution of traits governing mycorrhizal colonization. Similar results may be 
expected in other plants, including loblolly pine. Furthermore, these results may be more 
interesting when considered in a more complete community context, including the 
diverse suite of mycorrhizal fungi that typically associate with pines.   
 Here we report the results of a pair of growth chamber experiments designed to 
investigate genetic variation in traits and trait correlations within loblolly pine by 
investigating how patterns of EM colonization correspond to pathogen susceptibility. The 
experiments utilized multiple genetic families of loblolly pine previously determined 
(Singh et al., 2014, L.G. Eckhardt, pers. comm.) to be either tolerant or susceptible to two 
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different suites of pathogenic fungi responsible for causing either pine decline or fusiform 
rust disease, and exposed those families to different mycorrhizal fungal inoculation 
regimes.  In one experiment we allowed pathogen tolerant and susceptible seedlings 
access to whole soil fungal communities from three different locations within the natural 
range of loblolly pine; in a second experiment we inoculated tolerant and susceptible 
seedlings with a single species of EM fungi.  By studying genotypes of loblolly pine that 
lie on either end of the continuum of response (tolerant to susceptible) to one of the 
selection pressures shaping their populations (fungal pathogens), we may be able to 
understand how selection can be indirectly driving evolution in other traits, such as 
compatibility with particular mycorrhizal fungi. Examination of mycorrhizal traits in 
loblolly pine families that have been categorized as either tolerant or susceptible to fungal 
pathogens, but have not been exposed to the pathogens, will also help to disentangle 
patterns seen in field, where it is difficult to establish the mechanism behind observed 
correlations between traits.  For example, correlations between mycorrhizal traits and 
pathogen tolerance could be a product of genes influencing both traits directly, or it could 
be that fungal pathogens induce a response in the host plant that affects its association 
with mycorrhizal fungi.  Additionally, by utilizing soil from multiple locations within the 
range of loblolly pine, the field soil inoculation experiment (experiment 1) allows 
exploration of geographic variation in EM fungal community composition and tests the 
potential for host genotypes to be expressed differently in different biotic environments. 
8 
 
 Specifically, we aimed to explore genetic variation, trait correlations, and 
geographic variation in the loblolly pine-mycorrhizal fungi interaction by answering 
these questions:  
1) Do different locations within the natural range of loblolly pine yield different 
mycorrhizal fungal communities?  
2) Do individual EM fungi respond differently to host genetic variation in pathogen 
tolerance and does this response depend on origin of the fungal community?     
3) How do other traits (host plant relative growth rate and number of root tips colonized 
per cm root) respond to host genetic variation in pathogen tolerance and does this depend 
on the origin of the fungal community?   
 
Materials and Methods 
Seedlings and Soil   
 Loblolly pine seeds were obtained from open-pollinated families that fell into one 
of four genetic categories: Pine decline tolerant (PDt: 4 families), pine decline susceptible 
(PDs, 4 families), fusiform rust tolerant (FRt, 4 families), and fusiform rust susceptible 
(FRs, 6 families).  These categories were determined in previous pathogen inoculation 
trials, and tolerant and susceptible families were chosen from the upper and lower ends of 
the genetic distribution of tolerance to each pathogen (Singh et al., 2014, L.G. Eckhardt, 
pers. comm.).  Seeds were surface sterilized with 5% bleach and cold stratified for 40 
days, after which they were planted in trays with sterile peatmoss/perlite potting soil 
(Metro-Mix 360) and kept in a Conviron Model CMP6050 environmental growth 
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chamber at 260 C with a 14-hr photoperiod (~302 µmol m-2 s-1), receiving weekly 
deionized water sufficient to completely soak the soil.  Six weeks after planting, 
seedlings from each family were transplanted to bleach sterilized Ray Leach cone-tainers 
(SC10, Stuewe & Sons Inc., Tangent, OR, USA), and used in one of two experiments.   
 
Experiment 1: Field soil inoculation  
 Field soil was collected from three loblolly pine stands located centrally within 
the natural range of loblolly pine (Stateline MS, N 31.14785  W -88.48038;  Ray 9 GA, N 
32.003  W -84.981; Tuskegee AL, N 32.49904  W -85.57245) (Fig. 1).  Soil from each 
site was separately homogenized, and sifted over a 1 cm sieve to remove large debris. 
Unsterilized samples of each soil were set aside for inoculation of pots with biotic 
communities from each site, while the majority of soil was mixed in equal parts with soil 
from the other 2 sites, and autoclaved at 121° C for one hour to sterilize for use as a base 
soil in all treatments.  Three soil inoculation treatments were created by inoculating a 
subset of the base soil with unsterilized soil from each of the three locations, resulting in 
approximately ¼ of the soil being comprised of unsterilized soil.   This method allowed 
us to reduce the influence of variation in soil chemical and physical properties among the 
different sites, while conducting a bioassay of the spore-bank EM fungi from three local 
EM fungal and other microbiotic communities.   
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Figure 1: Distribution of loblolly pine native range across the southeastern United States, 
shown in green.  Field soil sampling locations in Mississippi (MS), Alabama (AL), and 
Georgia (GA) shown in blue. 
 
 
  
 Seedlings representing each of the four tolerance types were transplanted into pots 
containing the three different field soil treatments (PDt: MS n = 200, AL n = 200, GA n = 
194; PDs: MS n = 200, AL n = 200, GA n = 200; FRt: MS n = 200, AL n = 200, GA n = 
197; FRs: MS n = 259, AL n = 259, GA n = 254).  Transplant mortality was assessed 
fifty-five days after initial planting: 586 of the 2563 seedlings (22.9%) had died, with no 
significant difference among soil types or plant family categories.  Additional mortality 
occurred throughout the 22 week growth period, with final replicate numbers in each 
genetic category as follows: PDt: MS n = 50, AL n = 48, GA n = 23; PDs: MS n = 43, 
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AL n = 50, GA n = 41; FRt: MS n = 42, AL n = 52, GA n = 37; FRs: MS n = 54, AL n = 
63, GA n = 55 (Table 1).  Seedlings were kept in a growth chamber at 260 C with a 14-hr 
photoperiod (~302 µmol m-2 s-1), receiving a weekly watering sufficient to completely 
soak the soil.  Seedlings were randomized within each soil type (to avoid contamination 
between soils) at the beginning of the experiment and then re-randomized after 10 weeks 
of growth.   Seedling height was measured at planting and upon harvest, which took place 
22 weeks after planting in treatment soil; this allowed for calculation of relative growth 
rate of height (RGR = (lnHt2 – lnHt2)/ (# days of growth)).  All plants were assayed for 
mycorrhizal fungal colonization characteristics including colonization intensity and 
abundance of different EM morphotypes (Table 2), which were based on characteristics 
visible under a dissecting microscope, including color, texture, and abundance of 
emanating hyphae and rhizomorphs (Agerer, 2001).  Root length was estimated using the 
grid-line intersect method (Newman, 1966). Above- and belowground portions of each 
plant were dried at 60° Celsius and root and shoot dry biomass were determined. 
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Table 1: Number of Pinus taeda seedlings planted in field soils from each loblolly family 
category, in Experiment 1 
 
Category AL MS GA 
FR-t 52 42 37 
FR-s 63 54 55 
PD-t 48 50 23 
PD-s 50 43 41 
Total 213 189 156 
FRt, Fusiform rust tolerant; FRs, Fusiform rust susceptible; PDt, Pine decline tolerant; 
PDs, Pine decline susceptible.  Total n = 558. 
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Table 2: Morphological characteristics of the four dominant ectomycorrhizal fungal types 
found on loblolly pine (Pinus taeda L.) seedlings. 
 
Fungal type Description 
Rhizopogon 
White/pale in color, densely colonized 
(often occurring in large clusters), puffy   
Cenococcum 
Dark / black in color, usually solitary (not 
clustered), but still numerous.  Large 
amounts of dense emanating hyphae 
Wilcoxina 
Noticeably darker brown than root, with 
slight constriction at base. Often with 
white/clear tip.  Color and width variation 
along length.  Very long with no branching.  
Sometimes solitary but usually found in 
patches of multiple colonized tips 
Thelephora 
Orange-light brown in color, slightly 
lighter at tips.  Sometimes very long with 
no branching, but occasionally with single 
shorter side branch.  Narrow at base, but 
widening noticeably towards center. 
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Experiment 2: Single-species spore inoculation  
 Seedlings representing each of the four tolerance types were transplanted into pots 
containing regionally collected, sterilized soil (base soil mixed from 3 locations, 
described above).  A total of 38 seedlings were inoculated with fungal inocula prepared 
from locally (Oxford, MS, USA) collected sporocarps of Pisolithus tinctorius (Genetic 
Category PDt: n = 11; PDs: n = 9; FRt: n = 9; FRs: n = 9).  Ten milliliters of inoculum 
(containing ~ 6.25 x 107 total spores) was administered via pipette to each seedling.  
Seedlings were then placed in completely randomized locations within racks and grown 
for 14 weeks in a Conviron Model CMP6050 environmental chamber at 260 C with a 14-
hr photoperiod (~302 µmol m-2 s-1), receiving weekly DI water sufficient to completely 
soak the soil.  There was no seedling mortality during the 14 week growth period.  At 
harvest, root length was calculated using the grid-line intersect method (Newman 1966), 
and total number of root tips colonized by Pisolithus tinctorius assessed, which allowed 
calculation of the number of colonized root tips per unit of root length (tips/cm).   
 
Statistical analyses 
Experiment 1: Field soil inoculation 
To determine if fungal morphotype composition differed among soil inoculation sources 
(Question 1), MANOVA was performed using the adonis function from the vegan 
package in R (Oksanen et al., 2015), with the response variable being a bray-curtis 
dissimilarity matrix generated using the vegdist function from the vegan package 
(Oksanen et al., 2015), and the predictor variable Soil. The fungal morphotypes included 
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in this and all subsequent analyses for experiment 1 were only those four morphotypes 
that comprised > 5% of the total number of root tips colonized in each soil type.   
 To answer Questions 2 and 3, we analyzed separate univariate Type II ANOVA 
models for each response variable using the lm function from the base stats package (R 
core team, 2015), and the Anova function from the car package (Fox & Weisburg, 2011) 
for each of the six response variables measured: Relative growth rate, number of 
colonized root tips per centimeter root (tips/cm, square root transformed to achieve 
normality of residuals), and percentage of total colonized root tips that were colonized by 
each of the four dominant fungal morphotypes.  The fixed factors in each model were 
Soil (MS, GA, AL), Genetic Category (pine decline tolerant: PDt; pine decline 
susceptible: PDs; fusiform rust tolerant: FRt; and fusiform rust susceptible: FRs), and 
Soil x Genetic Category interaction, with loblolly seed family included as a random effect 
nested within Genetic Category.  When the Soil x Genetic Category interaction was 
found to be significant, we performed contrasts using the glht function from the 
multcomp package (Hothorn et al. 2008) for each response variable to determine 
differences between plants tolerant and susceptible to each of the fungal pathogens, PDt 
vs PDs, FRt vs FRs, as well as overall tolerance (PDt & FRt) vs susceptibility (PDs & 
FRs) within each soil type.  When either Soil or Genetic Category was significant without 
interaction, we performed TukeyHSD post-hoc tests using the TukeyHSD function in the 
base stats package (R core team, 2015).  All analyses were done with R statistical 
software, version 3.2.1 (R core team, 2015). 
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Experiment 2: Single-species spore inoculation  
To further address Question 2, we performed a Type II ANOVA using the lm function 
from the base stats package (R core team, 2015), and the Anova function from the car 
package (Fox & Weisburg, 2011) in which the response variable was the number of 
Pisolithus tinctorius colonized root tips per centimeter root. The fixed factor in the model 
was Genetic Category (PDt, PDs, FRt, and FRs), with loblolly seed family included as a 
random effect nested within Genetic Category.  All analyses were done with R statistical 
software, version 3.2.1 (R core team, 2015). 
 
Results 
Question 1:  Do different locations within the natural range of loblolly pine yield 
different mycorrhizal fungal communities?  
Across the three soil inoculation sources (MS, AL, GA), four types of fungi were 
identified as the most dominant root tip colonizers of all seedlings (measured as 
percentage of total root tips colonized), Rhizopogon, Cenococcum, Wilcoxina, and 
Thelephora (see table 2 for morphotype descriptions).  We found the three different soil 
inoculation sources, while containing the same four dominant fungal types—Rhizopogon, 
Cenococcum, Wilcoxina, and Thelephora—each to have a significantly different 
composition of those fungi (F2,535 = 36.754,  p= 0.01) (Fig. 2).  
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Figure. 2: Soil fungal community composition in the three field soil locations, Mississippi 
(MS), Alabama (AL), and Georgia (GA).  We found the three different soil inoculation 
sources, while containing the same four dominant fungal types, Rhizopogon, 
Cenococcum, Wilcoxina, and Thelephora each to have a different composition of those 
fungi (F2,560 = 36.754,  p= 0.01). All data are presented as means ± SE.   
 
 
Question 2: Do individual EM fungi respond differently to host genetic variation in 
pathogen tolerance and does this genetic variation depend on origin of the fungal 
community?   
Experiment 1: Field soil inoculation 
Of the four dominant morphotypes, only Thelephora was influenced by factors other than 
soil inoculation source. We found that the influence of Genetic Category on abundance of 
Thelephora varied among soils, (Genetic Category x Soil interaction: F6,536 = 3.691,  
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p = 0.00132) (Fig. 3).  Specifically, we found that pine decline tolerant families had 
significantly greater colonization by Thelephora in Georgia soil compared to pine decline 
susceptible families (p = 0.0023), but the two categories did not differ in either 
Mississippi (p = 0.129), or Alabama (p = 0.186) soils; fusiform rust tolerant and 
susceptible plants did not differ in Thelephora colonization (Fig. 3). 
 
 
Figure. 3: Percentage colonization of Thelephora showed a significant difference in 
colonization (Category x Soil interaction: F6,536 = 3.691, p = 0.00132). We found that the 
influence of Category on abundance of Thelephora varied among soils, (Category x Soil 
interaction: F6,536 = 3.691, p = 0.00132) (Fig. 2). Pine decline tolerant plants had 
significantly greater colonization by Thelephora in Georgia soil, compared to pine decline 
susceptible plants (p = 0.0023), but the two categories did not differ in either Mississippi 
(p = 0.129), or Alabama (p = 0.186) soils, fusiform rust tolerant and susceptible plants did 
not differ in Thelephora colonization. 
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 Of the remaining dominant fungal colonizers, we found soil inoculation source to be 
the only significant factor to influence rate of colonization.  Interestingly, while all three 
fungal types were found to colonize plants in all soils, we found that each soil type 
differentially encouraged growth of a different mycorrhizal fungus (Fig. 2), regardless of 
tolerance Genetic Category of the plant families.  Particularly, we found that Rhizopogon 
colonization was highest in Georgia soil (F2,532= 19.342, p = 7.787 e-09), Cenococcum 
colonization was highest in Alabama soil (F2,532= 120.840, p = <2.0 e-16), and Wilcoxina 
colonization was highest in Mississippi soil (F2,532= 12.5084, p = 4.91e-06) (Fig. 2). 
 
Question 3: How do other traits (host plant relative growth rate and number of root tips 
colonized per cm root) respond to host genetic variation in pathogen tolerance and does 
this genetic variation depend on origin of the fungal community?  
Experiment 1: Field soil inoculation 
Relative growth rate 
The average RGR of seedlings was 2.319 ± 0.0323 cm, and varied according to the 
interaction between soil inoculation source and the pathogen tolerance Genetic Category 
of the seedlings (PDt, PDs, FRt, or FRs) (Soil x Genetic Category interaction: F6,532 = 
3.342, p = 0.0031, Fig. 4).  In both Mississippi and Georgia soils, fusiform rust tolerant 
and susceptible plants had different RGR, though they showed opposite patterns; within 
MS soil, fusiform rust susceptible plants had a higher RGR than fusiform tolerant plants, 
whereas in GA soil fusiform rust tolerant plants had a higher RGR.  There was no 
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difference between fusiform rust tolerant or susceptible plants in AL soil, or between 
plants tolerant or susceptible to pine decline in any of the three soils.   
 
 
Figure. 4.  Relative growth rate (RGR) of the four plant family categories (FRt, FRs, PDt, 
PDs), in different soil types. The average RGR of seedlings was 2.319 ± 0.0323 cm, and 
varied according to the interaction between soil inoculation source and the specific 
pathogen tolerance category of the seedlings (PD-t, PD-s, FR-t, or FR-s).  Each category 
of plant family showed a different relationship between RGR and soil inoculation source 
(Soil x Category interaction: F6,532 = 3.342, p = 0.0031, Fig. 4). Plants tolerant to the 
fungal pathogens causing pine decline showed no difference in growth between the soil 
inoculation sources.  All data are presented as means ± SE. 
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Tips per centimeter root (tips / cm) 
On average, loblolly seedlings had 1.02 (± 0.02425 SE, n= 558) root tips colonized by 
EM fungi per centimeter of root length.  Average colonized root tips per centimeter root 
was significantly influenced by the interaction between soil type and overall tolerance 
category (tolerant or susceptible), (Soil x tolerance category: F2,536 = 3.157, p = 0.0434).  
Within soil types, we found no difference between tolerant and susceptible plants in 
tips/cm; however, we found that among plant families tolerant to fungal pathogens, root 
tip colonization differed depending on soil inoculation source, whereas there was no 
difference in fungal colonization due to inoculation source among susceptible plants (Fig. 
5).  Tolerant plants had the highest rate of fungal colonization (root tips per centimeter 
root) in Alabama soil (1.102 ± 0.043 SE, n = 100), followed by Georgia soil (1.019 + 
0.0371 SE n= 60), and lastly Mississippi soil (0.910 ± 0.043 SE n = 92).  The 
colonization rate in tolerant plants differed between each soil type pairing (MS-AL: p= 
<0.001; MS-GA: p= 0.0515; GA-AL: p= 0.016) whereas no differences were found 
between soil types in susceptible plants. 
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Figure 5:  Average number of loblolly root tips colonized per cm root on tolerant (T) vs. 
susceptible (S) plants, in different soil types.  Average colonized root tips per centimeter 
root was significantly influenced by the interaction between soil type and tolerance 
category (tolerant or susceptible) (F2,536 = 3.157, p = 0.0434) All data are presented as 
means ± SE. 
 
Experiment 2: Single-species spore inoculation  
In the single-species inoculation experiment, we found number of root tips colonized per 
cm root by Pisolithus tinctorius to be marginally influenced by plant family tolerance 
Genetic Category (F3,25 = 2.723, p = 0.066).   Families tolerant to the fungal pathogens 
causing fusiform rust infection (FRt) had the highest number of root tips colonized per 
cm root (1.804 ± 0.159, n = 9), followed by PDs (1.559 ± 0.159, n = 9), FRs (1.496 ± 
0.159, n = 9), and lastly PDt (1.20 ± 0.168, n = 11) (Fig. 6).   
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Figure 6:  Tips colonized per cm root by Pisolithus tincotorius marginally influenced by 
plant family tolerance category (F3,25 = 2.723, p = 0.066).     All data are presented as 
means ± SE. 
 
 
Discussion 
The studies presented here lend evidence that several traits of loblolly pine that govern its 
interaction with members of the fungal community are likely genetically correlated.  We 
found that host plant fungal pathogen tolerance interacted with origin of soil fungal 
inoculum to influence not only the abundance of a dominant mycorrhizal fungal genus 
(Fig. 3), but also the overall intensity of colonization by EM fungi (Fig. 5), and seedling 
relative growth rate (Fig. 4). The variable expression of these traits among different biotic 
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environments (different soil community sources) illustrates the potential for geographic 
selection mosaics, whereby loblolly pine coevolution with its pathogens may proceed 
differently in different geographic locations, which can potentially drive trait 
diversification among populations (Thompson, 2005).  
 
 Ectomycorrhizal fungi respond differently to plant pathogen tolerance and soil 
inoculation source 
 Across the three soil inoculation sources (AL, MS, GA), four morphotypes of 
fungi were identified as the most dominant root tip colonizers, Rhizopogon, Cenococcum, 
Wilcoxina, and Thelephora.  Of those four, only Thelephora was influenced by the 
genetic category of the host; in contrast, the abundance of the three other dominant 
mycorrhizal fungal types was found to be influenced by soil inoculum source alone (Fig. 
2).  This result suggests that the host plant, loblolly pine, does not have a single 
‘mycorrhizal interaction’ trait, but rather that it interacts with individual fungal taxa, or 
groups of fungi, in different ways; this has implications for our understanding of the 
coevolution of these diverse mutualisms, as individual fungi or groups of fungi could be 
independently exerting selective pressure on different plant traits (Hoeksema, 2012).  A 
more detailed molecular characterization of the EM community may reveal different 
patterns, but even by focusing on the four main taxa found we were able to detect an 
influence of geography, suggesting that the groupings presented here are meaningful. 
 This study adds to existing work providing evidence that pines may be evolving 
independently with different EM fungal species, rather than (or in addition to) the ECM 
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community as a whole.  For example, Hoeksema et al. (2012) found that native Monterey 
pine (Pinus radiata D. Don) populations showed variation in patterns of compatibility 
with different members of the dominant EM fungal community.  It was found that 
patterns of genetic variation in compatibility among Monterey pine populations differed 
among three species of EM fungi: Rhizopogon roseolus, Wilcoxina1, and 
Pyronemataceae1 (Hoeksema et al., 2012).  
 
Potential for selection mosaics on loblolly pine traits  
           We found the interaction of soil inoculation source and plant pathogen tolerance 
genetic category to influence abundance of Thelephora, total EM colonization, and 
seedling relative growth rate (Figs. 3, 4, 5).  It is notable that these patterns were detected 
in the absence of fungal pathogens, strongly suggesting a pleiotropic effect of particular 
genes on these traits and pathogen tolerance, rather than an indirect effect of fungal 
pathogen infection on both host plant growth and affinity with certain mycorrhizal fungi.  
Accordingly, natural or artificial selection on pathogen tolerance traits would lead to 
indirect selection on those other three traits, which could reinforce or conflict with direct 
selection on those traits.  
 The influence of loblolly pine genetic variation for pathogen tolerance on the 
abundance of Thelephora varied depending on the soil environment, suggesting the 
potential for a selection mosaic (Thompson, 2005), whereby loblolly pine coevolution 
with its pathogens may proceed differently in different geographic locations, potentially 
driving trait diversification among populations.  The four plant tolerance categories also 
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showed marginally differing levels of colonization when inoculated with a single fungal 
partner, P. tinctorius (Experiment 2, Fig. 6).  In Experiment 1, we found that among the 
plant tolerance categories, pine decline tolerant families especially showed variation in 
colonization by Thelephora among the different soil types (Fig. 3).  These results predict 
that if natural or artificial selection favors loblolly pine genetic families that are better 
able to survive infection by the pathogenic fungi Leptographium and Grosmannia, we 
will consequently see increased variation among environments in loblolly pine 
association with the dominant fungal symbiont Thelephora.  Depending on the nature of 
the interaction between loblolly pine and Thelephora in the varying environments, there 
could be conflicts arising from selection pressure for fungal pathogen tolerance and the 
need for beneficial root symbionts.  For example, pine decline tolerant families had lower 
colonization by Thelephora in Alabama and Mississippi soils, compared to Georgia soil.  
If Thelephora provides a necessary service in these soils, such as the enzymatic ability to 
access certain nutrients, selection on this mycorrhizal association would favor individuals 
with increased association with these beneficial fungi, but this selection may be 
countered by equal or greater selection pressure for genotypes tolerant to pine decline.   A 
similar situation could be seen to arise with both relative growth rate and overall intensity 
of root tips colonized by EM fungi, both important adaptive traits of the host plant that 
were found to vary according to an interaction between plant genetic category and biotic 
environment. 
 Selection mosaics have been explored in previous work in several systems, 
including systems involving plants and mycorrhizal fungi.  In 2008 Piculell et al. 
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demonstrated the potential for selection mosaics in the interaction between plants and 
mycorrhizal fungi by evaluating plant and fungal performance in reciprocal combinations 
of plant genotypes and fungal genotypes, across two environmental gradients.  It was 
found that both the host plant (bishop pine, Pinus muricata) and fungi (Rhizopogon 
occidentalis) had components of fitness that depended on the interaction between the 
genotype of the associated partner and the abiotic environment (Piculell et al., 2008).  In 
a more thorough exploration of the effect of geographic variation on a mycorrhizal 
interaction, Johnson et al. (2010) found that the formation of arbuscules (the site of 
resource exchange between arbuscular mycorrhizal fungi and host plant) on Andropogon 
gerardii was greater when plants were paired with local mycorrhizal fungi and soil, 
compared to novel combinations.  This result can be explained by a selection mosaic 
driving local adaptation of plant and fungi to each other, differently in different soils.  
These experiments, along with others, provide a compelling foundation for the study of 
geographically driven variation in the outcome of mycorrhizal symbioses.  This 
phenomenon is not, however, limited to these symbioses.   Evidence for selection 
mosaics has been detected across a broad range of interacting organisms.  For example, 
Benkman et al. (2001) found that the degree of coevolutionary selection between Rocky 
Mountain lodgepole pine (Pinus contorta ssp. latifolia) and red crossbills (Loxia 
curvirostra complex) differed depending on the presence or absence of a third species 
and superior seed competitor, the red squirrel (Tamiasciurus hudsonicus) (Benkmen, 
1999; Benkman et al., 2001; Thompson, 2005).   While the work described here focuses 
on the interaction of pines and mycorrhizal fungi, the findings add to a broader body of 
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work aimed at understanding the diversity and geographic structure of potentially 
coevolving species interactions. 
 
Geographic variation in EM fungal community of loblolly pine 
 The abundance of three of the four dominant EC morphotypes, Rhizopogon sp, 
Cenococcum, and Wilcoxina was determined solely by soil inoculation source.  Loblolly 
pine occurs in a large, continuous population across its range with little genetic 
differentiation, due to high gene flow via widespread windborne pollen (Hamrick & 
Godt, 1996; Eckert et al., 2010).  Given that loblolly pollen is capable of travelling very 
long distances and still remain viable (Williams, 2010), the location where the offspring 
germinates is unlikely to be similar to that of both parents, potentially favoring a 
generalist strategy in the plant hosts regarding EM associations; this may explain why we 
see no genetic variation for compatibility with three of the four major fungal types found 
in this study.  This result is in contrast to other, more fragmented pine species, such as 
Monterey pine, which occurs in discrete geographic populations that have demonstrated  
genetic divergence in their compatibility with several dominant EM fungal species 
(Hoeksema et al., 2010). 
 The pattern found in this system, of similar dominant fungi present at all three 
sites assayed, is consistent with our knowledge of EM fungal communities.  A recent 
assessment of the structure of EM spore community composition on pines in North 
America found the community was much more structured by geographic region 
compared with other factors such as climate or host plant identity (Glassman et al., 
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2015).  The proximities of soil locations examined in this study (MS-AL 313.1 km, MS-
GA 344.9 km, AL-GA 279.0 km) fall well within the 500km distance within which 
Glassman et al. (2015) found fungal spore community similarity to be greatest.   
 
Consequences of trait correlations 
 Extensive breeding programs, aided with new genomic technologies, have been 
instituted in an effort to produce stands of fusiform rust-tolerant trees.  This selective 
breeding process has focused intensely on reducing the susceptibility of genotypes to 
fusiform rust, but there may be unrealized costs to tolerance in the form of unintended 
indirect genetic effects on other traits.  As demonstrated here, the potential exists for 
there to be correlations between traits driven by genetic mechanisms.   Selective pressure 
in favor of more pathogen tolerant loblolly pine genotypes could impact the performance 
of these trees in very relevant ways, both ecologically and economically.   The results 
reported here echo those of other studies on the consequences of selection for single 
traits. For example, a recent study utilizing plant families resistant or susceptible to white 
pine blister rust (WPBR), a disease caused by the pathogenic fungus Cronartium ribicola, 
found that limber pine (Pinus flexilis) seedlings grown from open-pollinated seed trees 
known to be either resistant or susceptible to WPBR showed differences in stress 
tolerance traits, whether or not they had been exposed to the fungal pathogen (Vogan & 
Schoettle, 2015).   Similarly, in a study examining the impact of over 60 years of 
selective breeding for higher yield in soya beans, Kiers et al. (2007) found that older soya 
bean genotypes had higher fitness (measured as seed production) compared to newer 
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genotypes, when exposed to a rhizobia inoculum containing both effective and ineffective 
strains of the N fixing bacteria.   The more recent cultivars were less able to defend 
against ineffective rhizobia strains, illustrating an unintended consequence of a selective 
breeding process focused on plant yield.  Similar patterns can be expected as a result of 
natural selection, where strong selective pressure on one trait may facilitate adaptation (or 
maladaptation) of genetically correlated traits. In the loblolly pine population, for 
example, strong selection for fungal pathogen tolerance may result in maladapted host 
plant genotypes in terms of mycorrhizal fungal associations, depending on the soil 
environment.  
 
Conclusion 
 When selective breeding focuses on one trait, such as pathogen tolerance or 
growth, there may also be indirect selection on genetically correlated traits.  It is 
important, therefore, to understand the genetic architecture of essential traits in these 
focal species to better anticipate and manage the results of breeding practices.  This study 
joins others in lending insight into the underlying genetic structure of traits governing 
species interactions, and how that genetic structure may affect the evolution and 
adaptation of species.  In addition, understanding the genomic architecture of how 
important adaptive traits are related to one another is an essential component of 
successful breeding and management strategies.   
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CHAPTER II:  
HERITABILITY AND GENETIC CORRELATIONS OF ABOVE- AND 
BELOWGROUND TRAITS IN LOBLOLLY PINE  
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ABSTRACT 
 Genetic correlations between traits may influence how species evolve under 
multiple, conflicting selection pressures, potentially either constraining or enhancing the 
adaptation of species to each other and to other sources of selection. Loblolly pine (Pinus 
taeda) is important both as an economic crop and as a native early successional forest 
species occurring throughout the southeastern United States, where it is subject to natural 
selection in response to a wide range of biotic and abiotic sources. Using a pedigree 
population in a common garden of loblolly pine, we evaluated the narrow-sense 
heritability of, and additive genetic correlations among, standard performance traits and 
traits that mediate its above- and belowground interactions with other species—tolerance 
of an insect pest (the pine tip moth, Rhyacionia sp.) and a fungal pathogen (Cronartium 
fusiforme), and associations with a suite of symbiotic ectomycorrhizal fungi.   
 We found narrow-sense heritability for mycorrhizal traits to be generally low, 
ranging from 0.001 – 0.02.  The estimated narrow-sense heritability of the above-ground 
traits susceptibility to the disease-causing fusiform rust fungus (Cronartium fusiforme), 
resistance to attack by pine tip moth (Rhyacionia sp.), and height, were higher than those 
of mycorrhizal traits; 0.03, 0.03, and 0.18, respectively.  Additionally, we found 
significant additive genetic correlations between several of these traits, including 
correlations between above- and below-ground traits, such as susceptibility to fusiform 
rust and mycorrhizal fungal diversity.  Since linkage disequilibrium was likely low in this 
population, these genetic correlations were likely driven by pleiotropy and could thus 
mediate indirect selection on non-target traits. This study joins others in lending insight 
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into the underlying genetic structure of coevolving traits, and how it may affect the 
evolution and adaptation of species.  In addition, understanding the genomic architecture 
of how important adaptive traits are related to one another is an essential component of 
successful breeding and management strategies. 
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Introduction 
 Genetic correlations between traits can determine how populations evolve under 
multiple, conflicting selection pressures (Whitlock et al. 1995, Ridenhour 2005). They 
can lead to fluctuating trade-offs between traits, maladaptation of one trait driven by 
strong selective pressures on another, or facilitation by one trait on another’s evolution 
(Lynch 1999, Futuyma 2010).  These indirect effects could constrain the adaptation of 
species to their environment, and to each other, as multiple selection pressures acting 
simultaneously on different traits of an organism create conflicts as to the ideal 
evolutionary trajectory of a population (Lynch 1999, Wade 2001, Griswold and Whitlock 
2003, Ridenhour 2005).   An understanding of the correlations among traits in 
populations is thus important when assessing the ability of a population to persist in or 
adapt to its environment, and also when considering how a species may respond to 
natural or artificial selection from particular sources.  In the field experiment described 
here, we assessed heritability and genetic correlations among a suite of traits in loblolly 
pine (Pinus taeda L.), including standard performance traits and traits governing its 
interactions with belowground symbionts and aboveground pests and pathogens.    
 The genomic architecture of traits that mediate coevolving interactions between 
species is an important determinant of the evolutionary consequences of these 
interactions.  Genetic correlations among traits within a species, when generated by 
pleiotropic effects of one gene on multiple traits, can create indirect effects of selection 
on one trait through direct selection on another (Lande 1979, Arnold 1994, Falconer and 
Mackay 1996).  For example, Ridenhour (2005) demonstrated how genetic correlations 
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between two traits in a focal species may influence how selection from a second species 
acts on those traits, as coevolution occurs between particular phenotypic traits of two 
species.  It has also been determined that the number of loci controlling an interaction 
mediating trait can affect the local adaptation of populations, and long-term response to 
selection (Ridenhour & Nuismer 2007, Savolainen et al. 2013, Abdollahi-Arpanahi et al. 
2014).  These results tell us that in order to correctly interpret the patterns we see in 
coevolving interactions, and predict their future dynamics, we need to understand the 
genetic basis of the traits involved. Unfortunately, there is little experimental work that 
both identifies traits involved in mediating coevolving interspecific interactions, and also 
thoroughly explores the genetic basis for those traits.  The first steps in this pursuit should 
be to 1) estimate phenotypic distributions and genetic heritabilities of traits potentially 
under coevolutionary selection, and 2) estimate correlations between those focal traits 
and other traits also potentially under selection.  This approach should lend insight into 
the underlying genetic structure of coevolving traits, and how it could affect the 
adaptation of species to biotic and abiotic sources of selection.  In the field experiment 
described here, we assessed heritability and genetic correlations among a suite of traits in 
loblolly pine (Pinus taeda L.), including standard performance traits and traits governing 
its interactions with belowground symbionts and aboveground pests and pathogens.    
 The interaction between mycorrhizal fungi and their host trees has proven to be a 
useful system for exploring coevolutionary dynamics, and is an excellent system in which 
to advance the study of how the genetic architecture of coevolving traits affects 
coevolutionary dynamics.  Mycorrhizal fungi are common symbionts of most plants, 
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deriving mineral nutrients from the soil and transferring them to the host, while the host 
provides carbohydrates to the fungi.  Mycorrhizal fungi have also been shown to affect 
essential host traits such as drought tolerance, and to alter competitive interactions within 
and among plant species (Smith & Read 2008).   It has been estimated that from 6000 
(Brundrett 2002) to as many as 20,000 (Rinaldi et al. 2008) different species of fungi 
form a particular type of mycorrhizae, ectomycorrhizae.  The ectomycorrhizal (EM) 
fungi include both host specialists and generalists, with host plants capable of 
simultaneous interaction with several to hundreds of different fungal partners, and most 
EM fungi having the ability to associate with more than one host species (reviewed in 
Smith & Read, 2008).  
 Given the multi-partner patterns that we see in mycorrhizal interactions, it has 
been hypothesized that coevolution between the interacting species is too diffuse to be 
ongoing, and when it did occur it was early in the evolution of the symbiosis (Cairney 
2000).  There is, however, evidence to suggest the potential for more recent coevolution 
in mycorrhizal symbioses, although relatively few of the relevant experiments have been 
performed to test for ongoing coevolution in mycorrhizae (Hoeksema 2010).  For 
example, in a reciprocal cross-inoculation experiment Johnson et al. (2010) assessed both 
plant and fungal performance in different soils and found that local combinations of 
plants, arbuscular mycorrhizal (AM) fungal communities, and soils resulted in higher 
arbuscule (the site of resource exchange in AM fungi) formation by the fungi, indicating 
local adaptation of plants and fungi to each other and local soils in response to 
coevolutionary selection.  Such results are intriguing, but so few such studies have been 
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conducted that it is difficult to generalize, and there is much we do not know about 
ongoing coevolution in mycorrhizal interactions. For instance, we know very little about 
how evolution of mycorrhizal symbiosis traits is influenced by their genetic architecture 
and genetic correlations with other traits, including those governing interactions with 
additional species outside the symbiosis, as well as other fitness traits such as growth. 
 In addition to symbiotic interactions belowground with EM fungi, loblolly pine 
populations are subject to aboveground antagonistic interactions in the form of insect 
pests and fungal pathogens.  Fusiform rust (Cronotarium qercuum (Berk.) Miyabe ex 
Shirai f. sp. Fusiforme (Hedgc. and Hunt) Burdsall and Snow) is a common pathogen of 
loblolly pine, causing fusiform rust disease (Schultz, 1997).  This disease is diagnosed by 
the presence of disfiguring galls on both the trunk and branches of the tree.  Severe 
infection can result in malformed seedlings, and even breakage of the branch or stem at 
the point of infection.  Another common aboveground pest of loblolly pine is the pine tip 
moth (Rhyacionia spp.), which is especially problematic for young seedlings and can 
cause major deformations of both the main stem and branches of infected trees.  Adult 
moths feed on the new tissues of terminal and lateral shoots of the trees, oviposit eggs on 
the inner surface of a needle, and then the developing larvae bore into and consume the 
inner tissues of buds and shoots (Schultz, 1997).  Population responses to resistance 
breeding efforts have indicated some genetic control over resistance to both fusiform rust 
and pine tips moths (Li et al. 1999, Isik et al. 2008, King et al. 2014), but the degree to 
which these traits are genetically correlated with each other or with other pine traits is not 
yet known.  Obtaining this information will help us to understand how selective breeding 
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efforts focused on one or a few traits of interest (e.g., to mitigate the effects of pests and 
pathogens) may be indirectly affecting other traits, such as compatibility with symbiotic 
species belowground, and to better understand how plants may evolve in response to 
complex suites of selective sources. 
 Variation in the genetic basis of a phenotype trait, even within a population of a 
single species, can impact multiple components of the surrounding community.  For 
example, a study of cottonwood communities found individual tree genotypes to differ in 
their phytochemistry, which affects the susceptibility of the plant to the gall-forming 
aphid, Pemphigus betae, and therefore also has cascading impacts on the avian foraging 
community (Bailey et al., 2006).  Similarly, a study in Australia found a genetic basis for 
plant defensive chemistry (leaf terpenoids) in Eucalyptus, which could have an effect on 
the arthropod community structure (Dungey et al., 2000).  Thus both cottonwood and 
Eucalyptus exhibit ‘community phenotypes’ (Whitham et al., 2006) which alter host 
relationships with not only a single interacting species but also with other species in the 
same community.  In the EM symbiosis, host plants are capable of maintaining 
relationships with numerous fungal species simultaneously (Smith & Read 2008), with 
each plant hosting its own community of root fungi.  Determination of the degree of 
genetic control a host plant, such as loblolly pine, has over the EM fungal community 
associated with its roots will aid in understanding the importance of evolution in the host 
population for the soil microbial community. 
 Several previous studies on crops and wild plants provide indirect evidence that 
traits mediating mycorrhizal associations of plants may be genetically correlated with 
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other traits.  For example, Zhu et al. (2001) found that modern cultivars of wheat had 
reduced mycorrhizal colonization compared to older cultivars, while Bryla and Koide 
(1990) found modern cultivars of tomato (Lycopersicon esculentum Mill) to show greater 
vegetative and reproductive responsiveness to mycorrhizal colonization than wild strains.  
These studies suggest that although artificial selection in these plants was for other, 
agriculturally relevant traits, the association with mycorrhizal fungi was indirectly 
affected through genetic correlations.   Studies of pinyon pine (Pinus edulis) have shown 
that trees differing genetically in tolerance to insect pests also host different EM fungal 
communities, whether or not herbivory has occurred (Sthultz et al. 2009); additionally, it 
has been found that trees either drought tolerant or intolerant also differ in their EM 
fungal community, regardless of whether fungal inoculum is provided from the alternate 
tree type (Gehring et al., 2014, unpublished data).  Work on the genetic map of poplars 
(Populus trichocarpa) has revealed a quantitative trait locus (QTL) associated with the 
ability to associate with a particular EM fungal species that maps near a linkage group 
determined to be involved in tolerance to rust fungi (Tagu et al. 2002), suggesting that at 
least one pleiotropic locus may be influencing both traits.  Thus, selection for tolerance in 
poplars to rust infection by the fungus Melampsora larici-populina could affect the 
evolution of traits governing mycorrhizal colonization. Similar results may be expected in 
other plants, including loblolly pine, although no previous studies have provided 
quantitative estimates of the additive genetic correlations of mycorrhizal traits of plants 
with other traits of plants, which would allow prediction of how those traits might 
mediate indirect selection from diverse sources.  
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 Several greenhouse/growth-chamber studies have shown genetic determination of 
plant compatibility with particular mycorrhizal fungal species  (Tagu et al. 2005, 
Hoeksema & Thompson 2007, Piculell et al. 2008, Hoeksema et al. 2012).  However, 
estimates of additive genetic variation are needed to understand how much of this genetic 
variance is available for natural selection.  In a laboratory study, narrow-sense heritability 
(the ratio of additive genetic variation to total phenotypic variation) of mycorrhizal traits 
was calculated using pines inoculated with the fungal species Pisolithus tinctorius 
(Rosado et al. 1994); however, there have been no empirical studies of the distribution 
and heritability of such traits in the field, where plants encounter diverse suites of 
potential EM partner species. Such information would allow for an understanding of the 
potential for species interactions to drive the evolution of these traits in the wild, and the 
degree to which mycorrhizal traits are genetically correlated with other host plant traits.  
 This study explores the degree of additive and non-additive genetic variation in 
traits governing both above- and belowground interactions, as well as standard growth 
traits, of loblolly pine.  In addition, we assess the degree of genetic correlations between 
these traits, the presence of which could constrain or enhance adaptation through indirect 
selection.  Specifically, we addressed the following questions: 
1. How much of the phenotypic variation in a suite of loblolly pine traits is genetically 
determined and how much of the genetic variation is due to either additive genetic 
variation or interactive genetic effects such as dominance and epistasis? 
2.  Are there additive genetic correlations between mycorrhizal traits of loblolly pine and 
other traits? 
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Materials and Methods 
Study species 
Loblolly pine (Pinus taeda) is a native evergreen tree found in both pure and mixed 
stands throughout the southeastern United States from southern New Jersey and 
Delaware south to central Florida, and west to eastern Texas.  P. taeda is also found 
heavily managed throughout this range, and is widely planted in the Southern 
Hemisphere (Simberloff et al. 2010), for both commercial and environmental purposes. 
 
Study site 
The study site consists of a pedigree population of loblolly pine clones planted in 2003 in 
the Harrison Experimental Forest (HEF) near Saucier, Mississippi (Harrison County, 30° 
41' 20.0472"/-89° 8' 33.5472", elevation 50 m), managed by the USDA Forest Service.  
The population is part of the Forest Biology Research Cooperative loblolly pine clonal 
trail, CCLONES (Comparing Clonal Lines on Experimental Sites), comprised of 960 
genotypes of full and half-sibs, generated from a partial diallel mating design of 32 
parents and planted in a site previously inhabited by a native longleaf pine (Pinus 
palustris) stand.  A total of 4800 trees are arranged in eight blocks of 600 trees, planted in 
staggered rows approximately five feet from each other.  The experimental forest is in the 
Gulf Coastal Plain, within the historic range of loblolly pine, and receives ~1650 mm 
annual precipitation.  
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Data collection 
Pine tip moth (Rhyacionia spp.) predation and fusiform rust (C. qercuum (Berk.) Miyabe 
ex Shirai f. sp. Fusiforme (Hedgc. and Hunt) Burdsall and Snow) infection were visually 
assessed by counting the number of galls present (fusiform rust) and fresh growth 
herbivory (pine tip moth).  The clonal population of loblolly pine studied here was 
propagated from rooted cuttings, and as such seedlings had very similar height at the time 
of planting in 2003; fusiform rust infection, pine tip moth predation, and height were 
measured in the January of 2010.  Mycorrhizal traits of the pines, i.e., the relative 
abundances of different EM fungal species on root samples from selected trees, along 
with overall intensity of EM colonization, and root length, were estimated in 2010 when 
the trees were 7 years in field.  All traits were measured on 3 replicate clones of 4 
progeny genotypes from each of 30 full-sib families, for a total of 480 trees comprised of 
full-sibs, half-sibs, and unrelated individuals.  Collecting data in this way allowed for the 
incorporation of a pedigree into the analyses, facilitating the calculation of additive 
genetic variation and enabling calculation of narrow-sense heritability (h2) as well as 
additive genetic correlations between traits (Conner & Hartl 2004).   
 Clonal identities of trees were verified by genotyping of bulk needle tissue 
extraction (pooled samples from 3 ramets per clone) of six pine SSR (simple sequence 
repeat) markers: nzpr-0274mp, pttx-2146mp, pttx-3047mv, pttx-3052mn, ript-1040mf, 
and SsrPt-ctg9249mv, following the protocol in Nelson et al. (2007). Bulk genomic DNA 
was isolated from fresh leaf samples using DNeasy 96 Plant Kit (Qiagen cat. no. 69181?).  
The six primer pairs were screened with genomic DNA using the following PCR 
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thermocycling parameters: 94° C for 2 min, followed by 20 cycles of [30 sec at 94°C, 30 
sec at X°C, and 30 sec at 72°C, where X=65°C in the first cycle, decreasing by 0.5°C 
every cycle thereafter; followed by 15 cycles of 30 s at 92 °C, 30 s at 55 °C, and 1 min at 
72 °C], and a final extension phase of 15 min at 72°C.  Each 12 μl total volume PCR 
reaction contained: 20 ng genomic DNA, 200 μM of each primer, 200 μM dNTPs, 1x 
Taq buffer (2.0 mM MgCl2, 10 Mm Tris-HCl, 50 mM KCl), and 0.5 U Taq DNA 
polymerase (Promega).  The resulting PCR products were separated on an ABI PRISM 
3100 Genetic Analyser (Applied Biosystems) as recommended by the manufacturer. ABI 
PRISM LIZ500 was used as an internal size standard. Allele sizes (in base pairs [bp]) 
were determined using the local southern algorithm implemented by ABI 
PrismGeneMapper® software version 3.7. Due to mobility shift problems associated with 
the 250 bp and 340 bp bands, these sizes were excluded from all sizing calls. Allelic data 
were analyzed by standard genetic methods using SAS (SAS Institute). Ambiguous calls 
were used to indicate a mixed clone and were followed up by individual SSR genotyping 
of each of the three individual trees sampled to determine mismatched genotype.   
 
Soil collection and processing for mycorrhizal traits 
 In June and July 2010, we collected eight cylindrical soil cores (17mm x 180mm) 
from beneath each selected pine sapling in the common garden.  The soil cores were 
arranged along two perpendicular axes crossing the trunk of the tree (two cores on each 
side of the tree, taken at 20 and 35 cm from trunk) oriented so as to be furthest from the 
next closest tree as possible.  Digging up and following the root system to the trunk 
44 
 
confirmed that pine roots collected at this distance could be comfortably assumed to be 
those of the target tree. The eight soil cores from each tree were combined and 
immediately transferred to plastic bags and kept cool until processing (< two days), at 
which time the soil from each core was rinsed carefully over a 2 mm sieve to remove soil 
from roots.  For each individual tree root sample, total root length collected was 
calculated using the grid line intersect method (Newman, 1966).  The total number of 
root tips colonized by mycorrhizal fungi was counted under a dissecting microscope, as 
well as the total number of tips colonized by each EM morphotype, which were 
characterized based on color, texture, and emanation of hyphae and rhizomorphs.  
Several root tips from each morphotype represented within a root sample were collected 
for molecular identification.  
 
Molecular identification of EM fungi 
 DNA was extracted from each selected mycorrhizal root tip using the Sigma 
Extract-N-Amp Tissue Kit (Sigma-Aldrich, Inc).  Each root tip was incubated with 10 ul 
Sigma extraction buffer at 65 C for 10 minutes, then 95 C for 10 minutes, followed by 
addition of 30 ul Sigma neutralization solution.  The internal transcribed spacer region 
(ITS) of the fungal nuclear ribosomal DNA was amplified using the fungal-specific 
primers ITS1-F and ITS4 (Gardes and Bruns 1993).  The ITS region of nuclear ribosomal 
DNA is highly variable, even between closely related species, and commonly used to 
identify fungi to species or OTUs (Gardes et al. 1991, Gardes and Bruns 1993). al.,1991  
For PCR, Sigma RedExtract-N-Amp PCR reaction mix (Sigma-Aldrich, Inc) was 
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utilized, with the following PCR thermocycling parameters: 93° C for 3 min, followed by 
35 cycles of [1 min at 93°C, 55 sec at 53°C, and 35 sec at 72°C], and a final extension 
phase of 10 min at 72°C.  Each PCR reaction contained 2.2 ul H20, 4 ul 2X Red Taq 
Primer, 1ul DNA extract, and 0.4 ul of each primer at 10uM.  PCR products were cleaned 
enzymatically using ExoSapIt (USB Corporation) in a ratio of 1μl ExoSapIt and 4 μl H20 
to 8.5 μl PCR product per reaction. 
 Fungal morphotypes were grouped into operational taxonomic units (OTUs) using 
restriction fragment length polymorphism (RFLP) analysis after digestion of the ITS PCR 
products with Hinfl and AluI enzymes.  Samples were run on a 2% agarose gel in SB 
buffer at 200 volts for 72 minutes, visualized, and bands assessed with Gel Analyzer 
2010a software (Lazar and Lazar 2010).  Fungal RFLP types were matched using GERM 
sofware (Dickie et al. 2003).  Representatives from each RFLP type were then subjected 
to Sanger sequencing for confirmation of OTUs and taxonomic determination.   
 Each OTU determined by RFLP analysis was then verified and identified by 
processing 2-5 representative samples from each OTU in unidirectional Sanger 
sequencing reactions were performed using the primer ITS5 (White et al. 1990).  
Sequencing utilized Big Dye Terminator 3.1 Ready Reaction Mix (Applied BioSystems 
Inc.), and Big Dye 5X Sequencing Buffer, with the following thermocycling parameters: 
96°C for 1 min followed by 45 cycles of [20 sec at 95°C, 20 sec at 52°C, and 4 minutes at 
60°C].  Each 10 ul sequencing reaction contained 1ul cleaned PCR product, 0.4 ul Big 
Dye reaction premix, 1.8 ul Big Dye 5X sequencing buffer, 0.5ul ITS5 primer (10 uM), 
6.3 ul H2O.   Reactions were dried and sent to the DNA Lab at the School of Life 
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Science at Arizona State University (Tempe, Arizona), where sequencing reactions were 
purified and read on an Applied Bioscience 3730 capillary genetic analyzer.  Sequences 
were manually edited and trimmed in Geneious version 5.6.6 (http://www.geneious.com, 
Kearse et al., 2012).  All sequences with >3% ambiguous bases or < 200 base pairs long 
were deleted.  Remaining sequences were subjected to operational taxonomic unit (OTU) 
assembly (at 97% similarity) using Cap3 software (Huang & Madan 1999) on the 
University of Alaska, Fairbanks (UAF) informatics portal (available at 
http://biotech.inbre.alaska.edu/portal/), as described previously (Taylor et al. 2007) using 
default settings except the following: maximum overhang percent length = 60, match 
score factor = 6, overlap percent identity cut-off = 96, clipping range = 6.  Grouping 
homologous sequences that are >97% similar as a specific OTU is a conservative 
approach employed by previous studies (Izzo et al. 2005, O'brien et al. 2005, Smith et al. 
2007), and assumes a .2%-1.2% error rate produced by PCR and unidirectional 
sequencing, as well as ~1.5% divergence of the ITS region that may occur within some 
species at small spatial scales (Horton, 2002). 
 The consensus fungal sequences from each OTU were submitted using BLAST 
(nucleotide) searches on the International Nucleotide Sequence Database (INSD), User-
Friendly Nordic ITS Ectomycorrhizal (UNITE) database, and the curated fungal ITS 
database on the UAF informatics portal to obtain best matches for taxonomic affiliation 
of OTUs. The ultimate decision on the best match to a sequence was based on both 
similarity and length of the match.  Sequences >97% similar in composition to database 
sequences from named, cultured fungi were considered the same OTU.   
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Sequences with matches <97%, but >94% similarity to a database sequence with an 
assigned species epithet, or matching a sequence identified only to genus were assigned 
into the respective genus.  Similarly, those matches in the database <94%, but greater 
than 90% were assigned to the appropriate taxonomic family.  Any matches <90% 
similar to database sequences were left out of the analyses.  If sequence matches among 
the three sequence repositories showed equal affinity or similarity to multiple genera 
within a family, priority was given to the vouchered specimens residing on the UNITE or 
curated fungal ITS databases.  Any taxa known to be strictly non-mycorrhizal were 
eliminated from the data set.  Different fungal OTUs with the same top matches were 
lumped into a single trait at the fungal genus level.  Multiple OTUs within the same 
genera, but that did not group together, were assigned to genera level with a numbered 
addendum (i.e. Rhizopogon1, Rhizopogon2, etc.).  With the results from the Sanger 
sequencing data, we could then apply the fungal IDs determined for each RFLP OTU to 
every sample that grouped into each OTU in the RFLP analysis, hereafter referred to as 
Rhizopogon1, Rhizopogon2, Thelephora, etc.  Fungal types occurring in less than 5% of 
the genotypes sampled were determined to be too rare and removed from analysis. 
 
Statistical analysis 
The following were analyzed as separate traits of loblolly pine: Severity of fusiform rust 
infection (rust), severity of tip moth herbivory (pine tip moth), height, total number of 
root tips per cm root colonized by mycorrhizal fungi (tips/cm),  and the relative 
abundances of 14 different EM fungi.  We removed the influence of spatial variation on 
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all response traits prior to further analysis.  For the individual EM fungal types and rust 
infection, which diplayed a highly zero-inflated distribution, this was accomplished by 
performing a zero-inflated poisson regression using the zeroinfl() function from the pscl 
package in R (Jackman, 2015; Zeileis et al 2008) with X and Y spatial coordinates 
included as random effects.  For other all other response traits (height, tips/cm, pine tip 
moth predation), this was accomplished using the lme() function in the nlme package in 
R, with X and Y spatial coordinates included as random effects.  Residuals from these 
analyses were used for further analyses in ASReml-R (Butler, 2009; Gilmour et al., 
2006).   
 Estimation of genetic parameters was conducted in ASReml-R (Butler, 2009; 
Gilmour et al., 2006).  For each plant trait as a response variable, a separate model was fit 
that included Cross, ped(Clone), and ide(Clone) as random effects, where Cross 
designates a pairing of parental trees associated with each clone.  The factor ide(Clone) 
estimates phenotypic variance due to differences among individual genotypes, regardless 
of genetic relationship.  Variation associated with ide(Clone) is an estimate of among-
individual differences caused by non-additive genetic factors.  The factor ped(Clone) 
genetically links the levels in Clone via a pedigree, and estimates variation due to 
differences among individual genotypes, factoring in genetic relatedness.  Variation 
associated with ped(Clone) is an estimate of additive genetic variance (VA).  Total 
genotypic variation (VG) is calculated by the summation of the additive and non-additive 
genetic variance components, i.e., the variances associated with ped(Clone) and 
ide(Clone), respectively.   The error variance of the model encompasses environmental 
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variance as well as any undetected genetic variance. Total phenotypic variance (VP) is 
calculated by summing all variance components. The ratio of VA to total phenotypic 
variation (VP) gives an estimate of narrow-sense heritability (h2); estimates of narrow-
sense heritability are of particual interest because they indicate what proportion of the 
phenotypic variation measured in each trait is a result of additive genetic variation, and 
therefore available for selection.  The ratio of total genotypic variation (VG) to total 
phenotypic variation (VP) give an estimate of broad-sense heritability (H2). 
 
 The phenotype (P) of an individual (i) in a population can be modeled by a sum of 
the population mean (u), and individual Clone genetic and environmental deviations that 
either add or subtract from the mean: 
Pi = u + Gi + Ei, where the genetic component can be further divided: 
Gi = Ai+ Ii , giving: 
Pi = u + Ai + Ii + Ei 
Where Gi is the total genetic contribution to phenotype (or clonal value), Ai  is the 
additive genetic value (or breeding value) of the individual, Ii is the non-additive genetic 
value (or interactive effect), and Ei is the cumulative effect of all environmental 
influences on the phenotypic value; Ai + Ii + Ei are all defined as deviations from the 
population mean (White et al., 2007).  The variance components mentioned above are 
measures of the variation in the population for each of these values (i.e. VP = Var(Pi), VG 
= Var(Gi), VA = Var(Ai)). 
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 The REML based analysis in ASReml-R also generated BLUPs (best linear 
unbiased predictors) for the random effects in the model.  In order to estimate both broad-
sense and additive genetic correlations between mycorrhizal traits and other traits in the 
loblolly population, ide(Clone) and ped(Clone) BLUPs were exported from ASReml-R 
and further analyzed using the rcorr function of the Hmisc (Harrell, 2015) package in R, 
specifying Pearson’s correlation.  After Bonferroni multiple test adjustment, alpha for 
determination of significant p-values was determined to be 0.003. 
 The BLUPs associated with the ide(Clone) random effect are an estimate of the 
non-additive portion of the genetic effect (Ii).  When the non-additive genetic effect is 
summed with the BLUPs for ped(Clone), which estimate additive value (Ai), this 
provides an estimate of the individual Clonal values (Gi), which can be used to predict the 
phenotype of other individuals of the same genotype, as the estimates incorporate not 
only additive genetic effects but also interactions among alleles in the genome (such as 
dominance and epistasis); the effect of such interactions among alleles varies from 
generation to generation due to each unique combination of alleles.   
 For each response variable measured, the population parameters total genetic 
variance (VG) and additive genetic variance (VA) were estimated and used to calculate 
both broad-sense (H2 = VG / VP)  and narrow-sense heritability (h2 = VA / VP ).  
Additionally, broad-sense and narrow-sense genetic correlations were calculated.  The 
broad-sense genetic correlation (rG) is the correlation of clonal values for two traits X and 
Y:  rG =  corr(Gxi , GYi), where  Gxi and GYi are the clonal values for the two traits X and Y 
for all trees i=1,2,. . .N in the population.  The estimates of Gi are the sum of Ai and Ii  for 
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each clone.  The BLUPs associated with the ped(Clone) random effect are an estimate of 
the breeding value for each Clone (Ai).  The additive (or narrow-sense) genetic 
correlation (rA) is the correlation of clonal values for the two traits X and Y:  rA =  
corr(Axi , AYi), where  Axi and AYi are the breeding values for the two traits X and Y for 
all trees i=1,2,. . . N in the population (White et al., 2007).  
 
Results 
Mycorrhizal traits 
After removal of rare fungal types (those occurring in < 5% of genotypes sampled), 14 
fungal OTUs were identified for analysis.  The average number of tips per cm across all 
loblolly trees sampled was 3.41± 0.12 SE.  The fungal OTUs analyzed are listed here 
alphabetically as fungi (mean ± SE, N), where mean is the mean number of colonized tips 
per cm root across all individuals sampled in the population, and N is the number of 
genotypes found to associate with this type: Amphinema (0.20 ± 0.03, 82); Athelioid 
(0.09 ± 0.02, 30); Cenococcum (0.18 ± 0.02, 121); Coltricia (0.08 ± 0.01, 33); Lactarius 
(0.06 ± 0.01, 29); Rhizopogon1 (1.73 ± 0.12, 152); Rhizopogon2 (0.05 ± 0.01, 15); 
Rhizopogon3 (0.05 ± 0.02, 14); Rhizopogon4 (0.06 ± 0.02, 15); Russula (0.02 ± 0.01, 
10); Thelephora1 (0.29 ± 0.03, 110); Thelephora2 (0.07 ± 0.01, 35);Tomentella (0.10 ± 
0.02, 42); Tylospora (0.10 ± 0.02, 30).  
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Performance traits 
The following above-ground performance traits were assessed in this loblolly pine 
population, listed here as trait (mean ± SE): Height (291.9 ± 3.5 cm); Fusiform rust 
infection (0.22 ± 0.03 number galls per tree); Tip moth predation (13.18 ± 0.27 fresh 
buds predated).  
 
Genetic variation and heritability 
The influence of genetic variation (VG) on phenotypic variation of mycorrhizal traits was 
generally low, and as such broad-sense heritability (H2) for mycorrhizal traits was 
typically low (Appendix A), with the exception of Thelephora2 colonization, which had 
an estimated H2 of 0.109.  This value was much larger than broad-sense heritabilities of 
the other mycorrhizal traits, which fell within the range of ~ 0.01 – 6.0 x 10-7.   The 
broad-sense heritability of Thelephora2 colonization was slightly lower than that of 
height (H2 = 0.179), but greater than that of both pine tip moth predation (H2 = 0.079) and 
fusiform rust infection (H2 = 0.029).   
 Overall, narrow-sense heritability (h2) estimates for mycorrhizal traits were low 
(Appendix A), with the highest being that of Thelephora1 colonization with h2 = 0.02.  
The non-mycorrhizal traits all had greater narrow-sense heritability, with height, fusiform 
rust infection, and pine tip moth predation measuring 0.18, 0.03, and 0.03, respectively 
(Appendix A).  
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Genetic correlations between traits 
Significant additive genetic correlations were found between mycorrhizal traits and the 
three above ground traits measured: height, fusiform rust infection, and pine tip moth 
predation (Figure 7, Table 3).  Specifically, loblolly pine height was found to have 
negative additive genetic correlations with Lactarius, Rhizopogon4, Amphinema, 
Russula, and Thelephora1; and positive additive genetic correlations with Rhizopogon3, 
Tomentella, and Tylospora (Figure 7).  
 Pine tip moth predation was found to be negatively genetically correlated with 
Russula, Rhizopogon, Lactarius, Thelephora1, and Rhizopogon4, but positively 
correlated with Tylospora (Figure 7).  
 Severity of fusiform rust infection was found to be negatively genetically 
correlated with Thelephora1, total mycorrhizal tips per cm root, and Tomentella; but 
positively correlated with Athelioid and Thelephora2 (Figure 7).  
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Table 3:  Additive genetic correlations between above and below ground traits of loblolly 
pine 
 
 
Trait Height F. Rust Pine tip moth 
TipsCm -0.084 -0.30*** -0.17 
Rhizopogon1 -0.11 -0.048 -0.30*** 
Tomentella 0.28** -0.21 0.16 
Athelioid 0.10 0.32*** 0.036 
Tylospora 0.55*** 0.16 0.46*** 
Cenococcum 0.15 -0.195 0.14 
Thelephora1 -0.28*** -0.32*** -0.27** 
Lactarius -0.50*** -0.16 -0.28*** 
Russula -0.37*** 0.11 -0.32*** 
Amphinema -0.42*** -0.12 -0.063 
Coltricia 0.12 -0.14 -0.17 
Rhizopogon2 -0.078 0.12 0.0613 
Thelephora2 0.036 0.35*** 0.19 
Rhizopogon3 0.26* -0.15 0.17 
Rhizopogon4 -0.43*** -0.14 -0.26* 
Pearson’s r correlation coefficients are shown.  After Bonferroni multiple test adjustment, 
alpha for determination of significant p-values was determined to be 0.003.  Asterisks 
indicate p-value = 0.003*,  p < 0.003** , p << 0.003*** 
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Figure 7:  Additive genetic correlations between traits in loblolly pine.  Values shown are 
Pearson’s r correlation coefficients. Only significant correlations are shown.  P-values 
can be found in Table 3. 
 
 
 
 
      
Discussion 
The results presented here illustrate the interrelatedness of traits through the structure of 
an organism’s genome, and emphasizes the importance of acknowledging this structure 
both when interpreting patterns seen in nature and when instituting selective breeding 
regimes.  In the study presented here, we found varying degrees of narrow-sense 
heritability for both above- and below-ground traits, including susceptibility to the 
disease-causing fusiform rust fungus (Cronartium fusiforme), resistance to attack by pine 
tip moth (Rhyacionia sp.), compatibility in forming mycorrhizae with particular fungal 
species, and overall mycorrhizal fungal colonization.  Additionally, we found significant 
additive genetic correlations between several of these traits, including correlations 
between above- and below-ground traits such as susceptibility to fusiform rust and 
mycorrhizal fungal diversity.   
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Genetic variation and heritability of aboveground traits 
The aboveground traits measured all had greater narrow-sense heritability than the 
belowground traits, with height, fusiform rust infection, and pine tip moth predation 
measuring 0.18, 0.03, and 0.03, respectively (Appendix A).  This relatively high estimate 
of the heritability of height in loblolly pine is consistent with previous estimates (e.g., 
Gwaze et al., 2001), including estimates made from populations of individuals from the 
same parental crosses as those described here, grown in multiple field sites across the 
southeastern US (Baltunis et al., 2005).  In contrast to height, susceptibility to pine tip 
moth predation and fusiform rust infection had relatively low heritability values, 
indicating that management strategies may be better served by modifying the 
environment, through biological control or application of pesticides or fungicides, rather 
than breeding trees for lower severity of attack by these natural enemies.  These results 
highlight a potential difference among different host plant species in the capacity for 
natural or artificial selection to reduce susceptibility to natural enemies.  Whereas in this 
population of loblolly pine we detected very little genetic determination in the interaction 
with pine tip moth, a study examining the effects of herbivory and plant genetics on the 
arthropod community of willows (Salix) found that plant genetic variation had a 
dramatically greater effect than herbivory reduction treatments on the abundance of eight 
species of insect herbivores (Hochwender et al., 2005).  The estimated heritability of 
fusiform rust infection was also low, perhaps as a result of specifics of the field site 
instituting a high degree of environmental variation.  A recent study artificially infecting 
loblolly pine with fusiform rust disease found narrow-sense heritability levels to be 
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significantly higher, between 0.39 and 0.43 (Kayihan et al., 2010).  Our field study relies 
on the assumption that all individual trees were exposed to the fungal pathogens, and in 
equal amount; individual trees with a zero or low score of infection are then assumed to 
be more resistant.  If these same genotypes were subjected to artificial inoculation, 
ensuring equal exposure to all individuals, different results may be expected. 
 
Genetic variation and heritability of ectomycorrhizal traits 
 Overall, narrow-sense heritabilities of mycorrhizal traits were found to be low in 
this population of loblolly pine. This result indicates that direct selection for or against a 
particular fungal colonizer would have little effect on the trait distribution in subsequent 
generations, and likely less effect than environmental changes, e.g., a shift in soil 
chemical properties. 
 Belowground traits differed in the proportion of their phenotypic variance 
explained by additive vs. non-additive genetic variation.  For example, Thelephora2 had 
an estimated H2 = 0.109, and an estimated h2 = 9.0 x 10-8 whereas Cenococcum had 
estimated H2 and h2  of 0.004.  The difference between broad-sense and narrow-sense 
heritability of Thelephora2 can be attributed to the influence of interactive or non-
additive genetic components, such as dominance or epistasis, on the phenotypic variation 
of the trait in this population; unfortunately we are not able to distinguish between 
intragenic (dominance) and intergenic (epistasis) interactive effects in this study.  Height 
and rust both have equal estimates for H2 and h2, indicating that the genetic variation we 
detected is driven by additive genetic variation.  Discerning between genetic variance 
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components has implications not only for our understanding of the ability of a population 
to respond to selective pressures, but also has industrial applications, potentially 
informing breeding and deployment strategies.  For example, the difference between 
clonally propagated seedlings vs. those of controlled pollination crosses would take 
advantage of clonal values (which incorporate non-additive genetic effects), and breeding 
values, respectively (Foster & Shaw 1987, Isik et al., 2003). 
 Additive genetic correlations between above- and belowground ground traits 
Despite low narrow-sense heritabilities for mycorrhizal traits, we found significant 
additive genetic correlations between mycorrhizal traits and the three aboveground traits 
measured: height, fusiform rust infection, and pine tip moth predation (Figure 7). 
Specifically, loblolly pine height was found to have negative additive genetic correlations 
with Lactarius, Rhizopogon4, Amphinema, Russula, and Thelephora1; and positive 
additive genetic correlations with Rhizopogon3, Tomentella, and Tylospora (Figure 7).  
Additive genetic correlations between these traits indicate that selection for tree height 
(which has an h2 of 0.179, and so will respond to directional selective pressure) would 
have an indirect effect on these fungal traits.  For example, as selection for taller trees is 
implemented either by artificial breeding practices or by natural selection, the incidence 
of the mycorrhizal fungi Tomentella, Tylospora, and Rhizopogon3 on the root tips of the 
host population would be predicted to increase, while the incidence of Lactarius, 
Rhizopogon4, Amphinema, Russula, and Thelephora1 would decrease.   
 Pine tip moth predation was found to be negatively genetically correlated with 
Russula, Rhizopogon, Lactarius, Thelephora1, and Rhizopogon4, but positively 
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correlated with Tylospora (Figure 7).  A negative correlation between these traits 
indicates a pleiotropic effect of alleles in loblolly pine, where individuals with a greater 
resistance to tip moth predation also associate more readily with certain mycorrhizal 
fungi.  The positive genetic correlation between pine tip moth predation and Tylospora 
demonstrates a trade-off, where certain alleles in loblolly pine affect both the ability of 
the host plant to resist herbivory, and the ability to associate with a particular, potentially 
beneficial, mycorrhizal fungus.  For example, in a population exposed to a high degree of 
predation from pine tip moth, selection would favor those genotypes that confer a greater 
degree of resistance to herbivory; such a selective force would then cause an associated 
decrease in the degree of association with Tylospora.  Alternatively, strong selection for 
the benefits conferred by Tylospora (for example, increased drought resistance or access 
to soil nutrients) could be stronger than that for herbivory resistance.  This would result in 
a population with beneficial EM associations, but more susceptible to pine tip moth 
herbivory. 
 The results presented here compliment work conducted in pinyon pine (Pinus 
edulis), which has shown that trees differing genetically in tolerance to insect pests also 
host different EM fungal communities, whether or not herbivory has occurred (Sthultz et 
al., 2009).  After a 20-year herbivore removal experiment, the EM fungal community of 
herbivore resistant trees was different from that of both herbivore susceptible trees 
experiencing continued herbivory and herbivore susceptible trees that had not been 
subjected to herbivory (Sthultz et al., 2009).  Recent work in the same system confirms 
that the EM fungal community of P. edulis is under genetic control, by comparing the 
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fungal communities of drought tolerant and intolerant genotypes of seedlings to those of 
their parent trees.  They found that the seedlings hosted the same fungal community as 
their seed source trees (either drought tolerant or intolerant), even when inoculum from 
the alternate tree type was used (Gehring et at., 2014, unpublished data).   
 Fusiform rust is a disease that can deform or even kill pines (most especially 
loblolly and slash pine), and is responsible for major economic and ecological losses 
across the southeastern United States (Cubbage et al., 2000).  Extensive breeding 
programs, aided with new genomic technologies, have been instituted in an effort to 
produce stands of rust-tolerant trees.  This selective breeding process has focused 
intensely on reducing the susceptibility of genotypes to fusiform rust, but there may be 
unrealized costs to tolerance in the form of unintended effects on other traits.   Severity of 
fusiform rust infection was found to be negatively genetically correlated with 
Thelephora1, total mycorrhizal tips per cm root, and Tomentella; but positively correlated 
with Athelioid and Thelephora2 (Figure 7).  These genetic correlations predict that as 
selection for resistance to the fungal pathogen causing fusiform rust infection changes the 
genetic composition of this population over time, traits governing  interactions with the 
belowground EM fungal community will be indirectly affected. Similar results have been 
found in other systems; for example, work on the genetic map of poplars (Populus 
trichocarpa) has revealed a quantitative trait locus (QTL) associated with the ability to 
associate with a particular EM fungal species that maps near a linkage group determined 
to be involved in tolerance to rust fungi (Tagu et al., 2002), suggesting that at least one 
pleiotropic locus may be influencing both traits.  Thus, selection for tolerance in poplars 
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to rust infection by the fungus Melampsora larici-populina could indirectly drive the 
evolution of traits governing mycorrhizal colonization.   
 In the study presented here, one genetic correlation of particular interest is that 
between fusiform rust and the total number of mycorrhizal root tips per cm root.   The 
negative correlation between these two traits (Figure 7) shows that plants that are more 
resistant to infection by fusiform rust have greater mycorrhizal colonization intensity.  
This relationship demonstrates the potential synergistic consequences of additive genetic 
correlations, wherein selection for resistance to fusiform rust disease is predicted to 
indirectly drive an increase in mycorrhizal colonization intensity, both of which are 
potentially beneficial for the fitness of the individuals in the population. 
 
The importance of biotic community in structuring mycorrhizal traits 
 The presence of additive genetic correlations between mycorrhizal traits and other 
traits governing the interaction of loblolly pine with the surrounding biotic community 
(i.e., pine tip moths and fusiform rust) illustrates the potential influence of the 
surrounding biotic community on coevolution between host plants and mycorrhizal fungi. 
The importance of a biotic third party to the dynamics of an interaction has been 
demonstrated in other systems.  For example, Benkman et al. (2001) found that the 
degree of coevolutionary selection between Rocky Mountain lodgepole pine (Pinus 
contorta ssp. latifolia) and red crossbills (Loxia curvirostra complex) differed depending 
on the presence or absence of a third species and superior seed competitor, the red 
squirrel (Tamiasciurus hudsonicus).  Where red crossbills and lodgepole pine occur 
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without red squirrels, the crossbills are the main seed predator and reciprocal selection 
between crossbills and pine cone resistance traits is strong, creating a ‘hotspot’ of 
coevolution between the two. Where all three species co-occur, red squirrels are the 
stronger selective force driving evolution of the resistance mechanism of lodgepole pine 
cones, creating a ‘coldspot’ of coevolution between red crossbills and lodgepole pine 
(Benkman, 1999; Benkman, 2001; Thompson, 2005).  A similar scenario could be 
envisioned for loblolly pine.  For example, fusiform rust disease is potentially a strong 
selective agent which, via the additive genetic correlations demonstrated here, may be 
indirectly driving the mycorrhizal community on the roots of the host plant.  However, in 
populations not exposed to the fungal pathogen, that selective agent is removed, 
potentially freeing the mycorrhizal community to respond instead to direct selection on 
belowground traits. 
 
Conclusion 
 This study joins others in lending insight into how the underlying genetic 
structure of traits governing species interactions may affect the evolution and adaptation 
of species.  The detection of additive genetic correlations is particularly of interest, as 
such correlations between traits (especially if driven by pleiotropy) could influence how 
species evolve under multiple, conflicting selection pressures.  These correlations may 
potentially either constrain or enhance the adaptation of species to one another (Whitlock 
et al., 1995; Ridenhour, 2005).  The genetic associations detected in this study are likely 
due to pleiotropic genetic effects, rather than linkage disequilibrium, given that loblolly 
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pine generally exhibits low levels of linkage disequilibrium due to a high degree of 
recombination (Brown et al. 2004, Pavy et al. 2012).  The work presented here shows 
how a pervasive symbiosis, that between mycorrhizal fungi and host plants, may be 
shaped not only by direct selection and genetic effects of the host plant, but also by 
indirect selection via shared pleiotropic genes in the host plant. 
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CHAPTER III:  ASSOCIATION MAPPING OF ECTOMYCORRHIZAL TRAITS IN 
LOBLOLLY PINE 
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ABSTRACT 
 Determination of the genetic basis of traits is an important component in 
 understanding the maintenance of genetic variation for quantitative traits within 
populations, and for predicting population response to selection.  Traits mediating diverse 
 coevolving mutualisms, such as the interaction of host plants with a diverse suite of  
symbiotic mycorrhizal fungi, are of particular interest because we still do not understand 
 how they coevolve. In such symbioses, a key question is whether host plants can  
coevolve independently with multiple species of symbionts. The ability to answer this 
 question requires an understanding of the genetic basis of the traits governing these 
 interactions.  We employed an association mapping approach to identify genetic 
 components of host traits governing ectomycorrhizal symbioses (mycorrhizal traits), in 
 loblolly pine (Pinus taeda L.) and show that ectomycorrhiza formation is governed by 
numerous host genes that apparently have independent influences on host interactions 
with different symbiont species. We also assign putative protein functions to SNPs 
mapping to annotated regions of the loblolly pine genome. 
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Introduction 
 Determination of the genetic basis of traits is an important component in 
understanding the maintenance of genetic variation for quantitative traits within 
populations, and for predicting population response to selection. Two key aspects of the 
genetic basis of traits are the number and effect of the genes involved and pleiotropic 
effects of a single gene on multiple traits.  Genetic correlations among traits within a 
species, when generated by pleiotropic effects of one gene on multiple traits, can create 
indirect effects of selection on one trait through direct selection on another.  These 
indirect effects could constrain the adaptation of species to their environment, and to each 
other, as multiple selection pressures acting simultaneously on different traits of an 
organism can create conflicts as to the ideal evolutionary trajectory of a population 
(Lynch, 1999,;Wade et al., 2001; Griswold & Whitlock 2003; Ridenhour, 2005).  An 
understanding of the correlations among traits in populations is thus important when 
assessing the ability of a population to persist in or adapt to its environment, and also 
when considering how a species may respond to artificial selection.   In addition, the 
number of loci (ranging from many genes of small effect to few genes of major effect) 
controlling an interaction mediating trait can affect the degree and frequency of local 
adaptation of species (Nuismer et al., 2007, Savolainen et al., 2013).  Consequently, in 
order to correctly interpret the patterns we see in coevolving interactions, and predict 
their future dynamics, we need to understand the genetic basis of the traits involved. 
Unfortunately, there is little experimental work that both identifies traits involved in 
mediating coevolving interspecific interactions, and also thoroughly explores the genetic 
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basis for those traits.  The work presented here uses an association mapping approach to 
identify genetic components of host traits governing ectomycorrhizal symbioses 
(mycorrhizal traits), in loblolly pine (Pinus taeda L.).  
 Diverse coevolving mutualisms, such as the interaction of host plants with a 
diverse suite of symbiotic mycorrhizal fungi, are of particular interest because we still do 
not understand how they coevolve. In such symbioses, a key question is whether host 
plants can coevolve independently with multiple species of symbionts. The ability to 
answer this question requires an understanding of the genetic basis of the traits governing 
these interactions—do the same few genes in the host plant genome pleiotropically 
govern all of these diverse interactions, or are different interactions governed by different 
genes? Mycorrhizal fungi, which form a symbiotic interface on the roots of over 80% of 
terrestrial plants, have been shown to affect host plant survival, competition between 
plants, resistance to pathogens, as well as soil services such as carbon sequestration, 
enzymatic activity, and soil structural components (Smith & Read).   
 Mycorrhizal traits of host plants, in particular conifers, have been demonstrated to 
have a genetic component (Rosado et al., 1994; Piculell dissertation, Ch 2).  For example, 
it was found that patterns of genetic variation in compatibility among Monterey pine 
populations differed among three species of EM fungi: Rhizopogon roseolus, 
Wilcoxina1, and Pyronemataceae1 (Hoeksema et al., 2012).  In contrast, in an earlier 
study examining the interaction of a single EM species, Rhizopogon occidentalis, with 
three different Pinus host species along a longitudinal gradient, host plants did not differ 
in their response to different fungi, but patterns of local adaptation of fungi to host plants 
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were found (Hoeksema & Thompson 2007).  These differing results illustrate the 
variation found in the symbiosis, and lend evidence that plant interactions with multiple 
EM fungi may be considered independent traits, rather than a single all-encompassing 
‘mycorrhizal’ trait.  However, a more calibrated understanding of this and other 
coevolved mutualisms requires knowledge of the underlying genetic basis of the involved 
traits. 
 Heritability estimates and phenotypic studies have helped us determine host 
genetic effects on host traits governing ectomycorrhizal symbioses (mycorrhizal traits), 
and suggest the potential for hosts to evolve independently with different symbiont 
species. However, we cannot tell from these studies whether particular mycorrhizal traits 
are governed by a few genes of strong effect in the host genome, or multiple genes of 
lesser effect, nor the degree to which a small number of pleiotropic genes may influence 
multiple mycorrhizal traits.  Identification of genes involved in controlling association 
with mycorrhizal fungi is thus an important step in understanding the variation found in 
these symbiotic interactions.  Additionally, honing in on a genetic basis for these traits 
and the correlations between them will aid in our understanding of how plants adapt to 
complex environments.   
 Association mapping is a method to link phenotypes with genotypes.  Utilizing 
the genetic diversity of large populations, variation in quantitative phenotypic traits can 
be associated with genomic variation (Neale & Savolainen 2004, Gonzalez-Martinez et 
al., 2007; Zhu et al., 2008).  Conifers, such as loblolly pine, are especially suited to 
associations studies (reviewed in Neale & Savolainen, 2004) because due to  the large, 
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outcrossing nature of the populations, there is very little genetic differentiation between 
populations (Hamrick & Godt, 1996; Eckert et al., 2010) and low levels of linkage 
disequilibrium (Brown et al., 2004, Pavy et al., 2012).  This increases the likelihood that 
a genomic region associated with phenotypic variation is causative, rather than associated 
by proximity (Gonzalez-Martinez et al., 2007).   Numerous studies have successfully 
associated genotypic variance with complex adaptive traits in conifers, including loblolly 
pine.  For example, in a study investigating variation in bud flush, bud set, and height 
growth in white spruce (Picea glauca), Pelgas et al. (2011) found not only QTLs 
associating with these adaptive traits, but also the existence of several shared QTL 
clusters between traits, potentially indicating a pleiotropic effect of those genomic 
regions.   
  A refinement of the association mapping approach involves utilizing single 
nucleotide polymorphisms (SNPs) located within expressed genes, rather than 
anonymous QTL markers.  By focusing on SNPs within coding regions of the genome, it 
is more likely that a polymorphism will have an effect on amino acid sequences and 
protein conformation, which could manifest in variation of phenotypic characteristics of 
interest (e.g., Namroud, 2008).  A study by González-Martínez et al. (2007) examining 
associations in loblolly pine between several wood-property traits (such as wood 
chemistry and specific gravity) and SNPs within wood and drought related candidate 
genes found not only significant associations between traits, but also confirmation of 
previous QTL studies.  For example, two genes from the study sams-2, and a-tubulin 
were found to have significant genetic associations with wood property traits, and also to 
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map to genomic regions that QTL studies had previously identified as wood-property trait 
related (González-Martínez et al., 2007). 
 Finding a single gene with a clear phenotypic outcome has been accomplished at 
the protein level (e.g., Sando et al., 2009), but has proven more difficult with complex 
traits that are the result of numerous genetic pathways.  By utilizing recent technological 
advances in genomics, this study will join others (e.g., Gonzalez-Martinez et al., 2007, 
Baxter et al., 2010) in bringing to light the connections between genotype and complex 
phenotypic traits, and in doing so, help to reveal the genomic basis of traits governing 
diverse mutualistic interactions between species.   Specifically, we present here an 
association study linking phenotypic variation in both ectomycorrhizal and standard 
performance traits of a loblolly pine population to genotypic varation occuring as SNPs 
within candidate genes. 
 
Materials and Methods 
Study species 
Loblolly pine (Pinus taeda) is a native evergreen tree found in both pure and mixed 
stands throughout the southeastern United States from southern New Jersey and 
Delaware south to central Florida, and west to eastern Texas.  P. taeda is also found 
heavily managed throughout this range, and is widely planted in the Southern 
Hemisphere (Simberloff et al., 2010), for both commercial and environmental purposes.  
Loblolly pine have been shown to associate with hundreds of different fungal taxa, and 
shows patterns of ECM colonization typical of other pines, with many rare and few 
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common taxa; common taxa detected in previous studies of loblolly pine include 
Atheliaceae, Amanitaceae, Cenococcum, Inocybaceae, Laccaria, Rhizopogon, Russula, 
Thelephora, Tuber, Tylospora, and Wilcoxina (Parrent et al. 2006, Parrent and Vilgalys 
2007, Talbot et al. 2014, Glassman et al. 2015, Rúa et al. 2015). 
 
Study site 
The study site consists of a pedigree population of loblolly pine clones planted in 2003 in 
the Harrison Experimental Forest (HEF) near Saucier, Mississippi (Harrison County, 30° 
41' 20.0472"/-89° 8' 33.5472", elevation 50 m), managed by the USDA Forest Service.  
The population is comprised of 960 genotypes of full and half-sibs, generated from a 
circular mating design of 32 parents, each used in four crosses (2 as sire, 2 as dam), 
planted in a site previously inhabited by a native longleaf pine (Pinus palustris) stand.  A 
total of 4800 trees are arranged in eight blocks of 600 trees, planted in staggered rows 
approximately five feet from each other.  The experimental forest is in the Gulf Coastal 
Plain, within the historic range of loblolly pine, and receives ~1650 mm annual 
precipitation.  
 
Data collection 
All traits were measured on 3 replicate clones of 4 progeny genotypes from each of 30 
full-sib families, for a total of 480 trees comprised of full-sibs, half-sibs, and unrelated 
individuals. In January 2010, pine tip moth (Rhyacionia spp.) predation and fusiform rust 
(C. qercuum (Berk.) Miyabe ex Shirai f. sp. Fusiforme (Hedgc. and Hunt) Burdsall and 
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Snow) infection were visually assessed by counting the number of galls present (fusiform 
rust) and fresh growth herbivory (pine tip moth). Tree height was also measured in 
January of 2010. Mycorrhizal traits of the pines, i.e., the relative abundances of different 
EM fungal species on root samples from selected trees, along with overall intensity of 
EM colonization, and root length, were estimated in summer of 2010 when the trees were 
7 years in field.     
 Clonal identities of trees were verified by genotyping of bulk needle tissue 
extraction (pooled samples from 3 ramets per clone) of six pine SSR (simple sequence 
repeat) markers: nzpr-0274mp, pttx-2146mp, pttx-3047mv, pttx-3052mn, ript-1040mf, 
and SsrPt-ctg9249mv, following the protocol in Nelson et al. (2007), detailed in chapter 2 
of this dissertation.   
 
Soil collection and processing for mycorrhizal traits 
Methods for soil collection and determination of mycorrhizal traits are described in detail 
in chapter 2 of this dissertation.  In brief, soil cores were collected and mycorrhizal traits 
determined for each of the 480 individual loblolly pine trees sampled.  Estimation of 
genetic parameters was conducted in ASReml-R (Butler, 2009; Gilmour et al., 2006),  
also detailed in chapter 2.  After determination of mycorrhizal traits, the methods for this 
chapter (associating phenotypic variation with SNPs) and chapter 2 (quantitative genetics 
analysis) diverge, detailed below.  
 The following were analyzed as separate traits of loblolly pine: Severity of 
fusiform rust infection (rust), severity of tip moth herbivory (pine tip moth), height, total 
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number of root tips per cm root colonized by mycorrhizal fungi (tips/cm),  and the 
relative abundances of 14 different EM fungi.  We removed the influence of spatial 
variation on all response traits prior to further analysis.  For the individual EM fungal 
types and rust infection, which diplayed a highly zero-inflated distribution, this was 
accomplished by performing a zero-inflated poisson regression using the zeroinfl() 
function from the pscl package in R (Jackman, 2015; Zeileis et al., 2008) with X and Y 
spatial coordinates included as random effects.  For other all other response traits (height, 
tips/cm, pine tip moth predation), this was accomplished using the lme() function in the 
nlme package in R, with X and Y spatial coordinates included as random effects.   As all 
traits were measured on 3 replicate clones of 4 progeny genotypes,  data were averaged 
for each genotype and used for association testing in linear models.   
 
SNP screening and association analysis 
 Genotypic data for 4512 SNPs previously identified in expressed genes of loblolly 
pine were obtained using the Illumina Infinium platform (Illumina, San Diego, CA) for 
160 genotypes.  Of the screened genotypes, data were obtained for 152.  Association 
analysis was conducted using 1420 SNPs, the resulting number after scoring successful 
SNPs in GenomeStudio and removal of uninformative SNPs (either monomorphic or 
those with < 5% minor allele frequency). 
 Associations between SNPs and traits were tested using mixed linear models 
(MLM) in TASSEL version 3.0 (Bradbury et al., 2007) with kinship (K matrix) and 
inferred ancestry (Q matrix) included as fixed effect covariates (Yu et al., 2006).  The Q 
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matrix was generated in STRUCTURE (Pritchard et al., 2000) with a cluster number of 
two (k=2).  The K matrix was generated within TASSEL.  Association tests were 
performed between each individual SNP marker and loblolly phenotype.  After 
Bonferroni multiple test correction, the critical p-value for determining significant 
associations was determined to be p = 0.00004.  For SNP markers with significant 
phenotypic associations, the 101 base pair sequence (50bp flanking the SNP on either 
side, Table 4) were obtained by querying the SNP ID at DiversiTree 
(dendrome.ucdavis.edu/DiversiTree) a web-based application which provides search-
based access to Pine Genome data.  The resulting sequences were matched to scaffolds in 
the loblolly pine genome (Pita genome v1.01), and when possible associated with 
putative function via the InterPro online searchable database (Mitchell et al., 2015). 
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Results 
Mycorrhizal traits 
After removal of rare fungal types (those occurring in < 5% of genotypes sampled), 14 
fungal OTUs were identified for analysis.  The average number of ectomycorrhizal 
colonized tips per cm of root across all loblolly trees sampled was 3.41± 0.12 SE.  The 
fungal OTUs analyzed are listed here alphabetically as fungi (mean ± SE, N), where 
mean is the mean number of colonized tips per cm root across all individuals sampled in 
the population, and N is the number of genotypes found to associate with this type: 
Amphinema (0.20 ± 0.03, 82); Athelioid (0.09 ± 0.02, 30); Cenococcum (0.18 ± 0.02, 
121); Coltricia (0.08 ± 0.01, 33); Lactarius (0.06 ± 0.01, 29); Rhizopogon1 (1.73 ± 0.12, 
152); Rhizopogon2 (0.05 ± 0.01, 15); Rhizopogon3 (0.05 ± 0.02, 14); Rhizopogon4 (0.06 
± 0.02, 15); Russula (0.02 ± 0.01, 10); Thelephora1 (0.29 ± 0.03, 110); Thelephora2 
(0.07 ± 0.01, 35); Tomentella (0.10 ± 0.02, 42); and Tylospora (0.10 ± 0.02, 30).  
 
Performance traits 
The following above-ground performance traits were assessed in this loblolly pine 
population, listed here as trait (mean ± SE): Height (291.9 ± 3.5 cm); Fusiform rust 
infection (0.22 ± 0.03 number galls per tree); Tip moth predation (13.18 ± 0.27 fresh 
buds predated).  
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SNP screening and association analysis 
We detected significant associations between 33 individual SNPs and several of the 
mycorrhizal traits, and fusiform rust infection.   These SNPs were queried at the 
DiversiTree database, where 101 bp sequences were obtained for 20 SNPs, 6 returned no 
match (indicated as ‘no match’ in the SNP ID column, Table 6), and 7 were marked as 
not legitimate SNPs because they no longer map to real SNP positions (not included in 
further discussion or Tables 5, 6).  Additionally, genome location data (i.e., chromosome, 
and position) were obtained for 13 of the significant SNPs from Craig Echt at USDA 
Forest Service, Southern Institute of Forest Genetics, Saucier, MS (Echt et al., 2011; 
Echt, unpublished data) (Table 5). 
  The 20 SNPs with sequence data were converted to a FASTA file and mapped to 
the loblolly pine genome (Pita genome v1.01) using pitagmap, an internal Pinus taeda 
database located at the University of California, Davis.  Scaffold sequences were then 
queried against an annotation file to find associated putative protein function via the 
InterPro online searchable database (Mitchell et al., 2015).  Annotations for significant 
loci are summarized in Table 6.  For some of the SNPs found to be associated with 
particular phenotypes, no similarity was found with records in the database; these are 
indicated in Table 6 as ‘no match’.  Identities of the 20 successful SNPs, associated Pinus 
taeda map scaffold, InterPro match accession number, and putative function are listed in 
Table 6.  Associated functions include proteins involved in cytoskeletal structure, 
secondary cell wall formation, glycolysis, and signal transduction pathways.  Annotated 
regions with putative functions too general to be discussed in relation to the plant traits 
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measured here (for example: Enolase, an essential enzyme in ninth step of the ten 
enzyme-catalyzed reactions of Glycolysis) are defined in the appendix. 
 
Discussion 
 The ultimate success of the ectomycorrhizal symbiosis depends not only on the 
ability of both partners to exchange resources, but also on the initial ability of the fungi 
and plant to form the combined root-fungal entity, the mycorrhiza.  The work presented 
here shows that ectomycorrhiza formation is governed by numerous host genes that 
apparently have independent influences on host interactions with different symbiont 
species. Below, we discuss the implications of our results for our understanding of the 
number of host genes involved in particular mycorrhizal traits, and for the genomic basis 
of genetic correlations among multiple traits. We also discuss putative protein function in 
regions of the loblolly pine genome where SNPs were found to be associated with 
different fungal traits, and offer a general discussion on the impact the specific proteins 
or protein domains may influence the interaction of fungi and plant.   
 Associations suggest mycorrhizal traits governed by fewer genes of large effect  
This study revealed multiple SNPs associating with variation in ectomycorrhizal traits of 
loblolly pine. The number of different genes involved shows the potential for plants to 
evolve independently in their interactions with different EM fungal species, as no SNPs 
were detected associating with more than one trait.  These results build on previous 
phenotypic studies suggesting independent associations with different fungi (e.g. 
Hoeksema et al. 2012,; Piculell dissertation Ch 1).  The percentage of phenotypic 
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variance in mycorrhizal traits attributed to marker effects (R2) ranged from 0.13 to 0.55 
(Table 5), which is relatively high, suggesting at least these few genes identified here are 
responsible for a majority of the variation detected.  In contrast, quantitative traits of 
loblolly pine generally follow the ‘infinitessimal model’ of numerous loci of small, 
additive effect (Fisher 1918, Barton & Turelli 1989).  For example, in a SNP association 
study of pitch canker resistance in loblolly pine found evidence for the influence of many 
genes of small effect on resistance (Quesada et al., 2010).  It is likely that alleles of very 
small effect do exist, but were beyond detection in this study, as often very high numbers 
of individuals ( > 10,000) are required to detect small effects (Mackay et al., 2009).   
 The SNPs associated with both Coltricia and Rhizopogon3 had marker R2 effects 
that sum to greater than 1 (Table 2), indicating either redundancy in the markers 
evaluated, or linkage disequilibrium between markers.  For example, Rhizopogon3 
associated SNP_210603-Pita and SNP_207609-Pita both have a marker R2 of 0.17 
(Table 5).  We can see from the map data that these two SNPs, although labeled 
differently, map to the same genome location: Chromosome 5, position 35.59.  The same 
scenario may be true of other trait associated SNPs, but we cannot determine this without 
more information.  
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Do shared pleotropic loci drive additive genetic correlations between traits? 
In chapter 2 of this dissertation, we utilized a quantitative genetics approach to dissect 
causal components of phenotypic variation into its component parts, including additive 
genetic variation.  By estimating additive genetic correlations between traits, we are able 
to consider the indirect effect that selection on one trait may have on another.  Additive 
genetic correlations between traits may indicate pleiotropic effects of one or more genes 
on both traits.  In the work presented here, we are able to further investigate the genetic 
basis of trait correlations in loblolly pine by utilizing genomic mapping data for SNPs 
associated with EM traits.  While not all SNPs have been mapped to the P. taeda genome, 
we were able to obtain chromosome (or linkage group, LG) and position data for thirteen 
of the twenty SNPs.   The phenotypic traits investigated here mapped to chromosomes 1, 
3, 4, 5, 6, and 8 (out of 12).  Chromosomes 1, 5, and 8 had multiple EM traits mapping 
within relatively close proximity to each other (Figure 2).  Calculation of the additive 
genetic correlations (as in chapter 2) between EM traits proximal to each other revealed 
significant correlations (Table 7).   
 Unfortunately, we do not have both genetic map location and putative gene 
product for any two correlated EM traits.  Without these data, it is not possible to 
speculate whether the genetic correlations detected are because of pleiotropic effects of 
one gene on both traits, or rather that they are associating with separate genes that are 
closely linked by physical proximity.  If the former is true, we would expect the additive 
genetic correlation to persist; if the latter, it would be expected that eventually this 
linkage disequilibrium will be disturbed by recombination events.  While loblolly pine is 
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known to have high degrees of gene flow across populations and thus low levels of 
linkage disequilibrium (Brown et al., 2004), recent work has shown varying degrees of 
linkage disequilibrium in different regions of the genome (Eckert et al., 2013). 
 Host plant cell structural components influence abundance of certain EM fungi 
The abundance of Rhizopogon3 was found to be associated with SNPs mapping to a 
protein domain and an enzyme family, both associated with plant secondary cell wall 
structure.   In the mycorrhizal symbiosis, the exchange of nutrients between plant host 
and fungal symbiont takes place at the intimate plant root-fungi interface.  In EM fungi, 
the fungi forms an intercellular interface known as the Hartig net where the plant and 
fungal cell walls are in direct contact; it is at this interface that the exchange of water and 
nutrients occurs (Smith & Read, 2008).  In contrast to arbuscular mycorrhizal fungi, EM 
fungi do not penetrate the plant cell walls; as such all nutrient and signal transfers 
between host plant and fungi must occur across both organisms’ plasma membranes and 
cell walls (Scannerini & Bonfante-Fasolo, 1983; Balestrini & Bonfante, 2014).  Variation 
in secondary cell wall formation may influence the efficiency or responsiveness of either 
nutrient or signal transfer; as cells mature they can increase structure and rigidity by 
building up the secondary cell wall – the presence of which is structurally beneficial but 
also requires additional structures for movement of molecules into or out of the cell. 
 Rhizopogon3 was found to be associated with a protein domain (IPR006458) 
found near the C-terminus in the Ovate family protein (OFP); these plant-specific 
proteins function as transcriptional repressors, and are important regulators for growth 
and development in plants (Wang et al., 2011).  In Arabidopsis, it has been demonstrated 
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that OPF4 (an OPF family member), has a role in regulating secondary cell wall 
formation (Li et al., 2011).  Rhizopogon3 also associated with Glycosyl transferase, 
family 8 (GT8) (IPR002495).  There are hundreds of different glycosyltransferases, 
involved in various ways in the biosynthesis of disaccharides, oligosaccharides, and 
polysaccharides, such as xylan – a polysaccharide found in plant cell walls.  These 
enzymes catalyze the transfer of sugar moieties from activated donor molecules to 
specific acceptor molecules, forming glycosidic bonds.  A recent study in Arabidopsis 
has shown the activity of three members of the GT8 family to be involved in the 
synthesis of xylan (Rennie et al., 2012), an integral component of plant secondary cell 
walls, and after cellulose, the most abundant component of secondary cell walls. 
 Tomentella abundance was mapped to a region in the P. taeda genome 
homologous to the Actin family of proteins (IPR004000), one of the most abundant 
proteins in eukaryotic cells (Kabsch & Vandekerckhove, 1992).  These are ubiquitous 
proteins, involved in formation of filaments that are a major component of the 
cytoskeleton. Actin proteins can be present as either a free monomer or as part of a linear 
polymer microfilament, both of which are essential for such important cellular functions 
as mobility and contraction of cells during cell division.  In a study examining the Actin 
gene family in Populus, Zhang et al. (2010) found tissue-specific expression of plant 
actins, supporting evidence that different plant actins have specialized functions.  For 
example, some Poplar actin genes were expressed more in in the reproductive structures 
of the plant, while others were more associated with vascular tissues (Zhang et al., 2010).  
In research specifically examining the role of the cytoskeleton in mycorrhizal 
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associations, Timonen et al. (1993) found that in both plant and fungal cells involved in 
the symbiosis, there was reorganization of the structure of the cytoskeleton.  However, 
research examining the role of the cytoskeleton in mycorrhizal symbioses is generally 
lacking a clear signal, especially regarding EM fungi (review in Timonen & Peterson, 
2002 ).  However, the role of the cytoskeleton in plant-microbe interactions, including 
symbioses, is becoming appreciated (Schmidt & Panstruga, 2007).  Several studies have 
been conducted examining the response of the cytoskeleton to arbuscular mycorrhizal 
fungi (e.g. Genre et al., 2005 , Timonen & Smith, 2005), but it is difficult and possibly 
futile to extrapolate these studies to the EM symbiosis, given the very different root 
interface strategies of the two types of fungi.  
 
Putative function of proteins or protein domains associated with loblolly mycorrhizal 
traits and rust infection 
 Fusiform rust (Cronotarium qercuum (Berk.) Miyabe ex Shirai f. sp. Fusiforme 
(Hedgc. and Hunt) Burdsall and Snow) is a common pathogen of loblolly pine, causing 
fusiform rust disease (Schultz, 1997).  This disease is diagnosed by the presence of 
disfiguring galls on both the trunk and branches of the tree.  Severe infection can result in 
malformed seedlings, and even breakage of the branch or stem at the point of infection.  
Fusiform rust is responsible for major economic and ecological losses across the 
southeastern United States (Cubbage et al., 2000); as such, extensive breeding programs, 
aided with new genomic technologies, have been instituted in an effort to produce stands 
of rust-tolerant trees.  That there is a genetic basis to resistance to fusiform rust in pines 
85 
 
has been long known (e.g. Barber et al., 1957).  Earlier work to identify causative genes 
indicated the existence of a single gene of major effect on resistance to fusiform rust 
disease in loblolly pine (Wilcox et al., 1996), while subsequent work has identified 
several more specific resistance genes (Fr genes)(e.g. Amerson et al. 1997, Kubisiak et 
al., 2005, Quesada et al., 2014). 
 In the population studied here, fusiform rust infection was found to be associated 
with a genome region coding for an AP2/ERF domain (IPR001471).  Although not 
identified as an Fr gene region, detection of association with a gene coding for a specific 
protein domain reinforces the concept that many of the phenotypic traits measured are the 
product of numerous genetic pathways.   
 
Conclusion 
 An understanding of the genetic basis of complex traits in populations, as well as 
correlations among traits, is important when assessing the ability of a population to 
persist in or adapt to complex environments. The work presented here identifies genetic 
components of ectomycorrhizal phenotypes in loblolly pine (Pinus taeda L.), ultimately 
suggesting several mechanisms by which host plant genetic variation can influence the 
abundance of certain members of the EM community.  Additionally, the results of this 
association study compliment a quantitative genetics study on the same population by 
illustrating genetic foundations for several additive genetic correlations estimated 
between EM traits. 
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Figure 7: Pinus taeda chromosomes (LG) 1, 5, and 8 showing map location of 
ectomycorrhizal SNP associations, adapted from Echt et al. 2011.  Additive genetic 
correlations between the traits on each chromosome can be found in Table 7. 
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Table 7: Additive genetic correlations between ectomycorrhizal traits mapped to the same 
loblolly pine chromosomes  
Chromosome	   trait	  -­‐	  trait	   Pearson's	  r	   p	  value	  
1	   Tylospora	  -­‐	  Thelephora2	   0.274	   0.00011	  
5	   Tomentella	  -­‐	  Rhizopogon3	   0.34245	   1.02	  E	  -­‐6	  
8	  
Coltricia	  -­‐	  Rhizopogon3	   0.1859	   0.00011	  
Coltricia	  -­‐	  Tomentella	   0.27836	   8.5	  E	  -­‐5	  
Cenococcum	  -­‐	  Rhizopogon3	   -­‐0.17	   0.017	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APPENDIX A 
Variance components and standard error of random factors in genetic model, as well as 
broad-sense heritability (H2), and narrow-sense heritability (h2) of all traits 
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Variance components and standard error of random factors in genetic model, as well as 
broad-sense heritability (H2), and narrow-sense heritability (h2) of all traits measured. 
Trait source variance std.error H2 (VG/VP) h2 (VA/VP) 
Height Cross 0.0004 < 0.001 0.179 0.179 
 ide(Clone) (VI) 0.0004 < 0.001   
 ped(Clone) (VA) 861.309 281.663   
 residual 3963.115 300.225   
 total (VP) 4824.425    
Rust Cross 0.017 0.014 0.029 0.029 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) 0.007 0.017   
 residual 0.208 0.016   
 total (VP) 0.232    
Pine tip moth Cross < 0.001 < 0.001 0.079 0.030 
 ide(Clone) (VI) 1.288 1.688   
 ped(Clone) (VA) 0.774 1.292   
 residual 24.015 1.935   
 total (VP) 26.077    
Tips /cm root Cross < 0.001 < 0.001 < 0.001 < 0.001 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 6.532 0.428   
 total (VP) 6.532    
Rhizopogon1 Cross 0.006 < 0.001 < 0.001 < 0.001 
 ide(Clone) (VI) 0.013 0.001   
 ped(Clone) (VA) 0.006 < 0.001   
 residual 62155.790 4071.961   
 total (VP) 62155.816    
Tomentella Cross < 0.001 < 0.001 < 0.001 < 0.001 
 ide(Clone) (VI) 0.001 < 0.001   
              ped(Clone) (VA)      < 0.001 < 0.001   
 residual 3541.129 231.987   
 total (VP) 3541.130    
Athelioid Cross < 0.001 < 0.001 0.012 < 0.001 
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 ide(Clone) (VI) 20.116 79.676   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 1674.298 134.315   
 total (VP) 1694.414    
Tylospora Cross < 0.001 < 0.001 0.014 0.013 
 ide(Clone) (VI) 2.992 145.652   
 ped(Clone) (VA) 35.141 85.902   
 residual 2625.743 210.609   
 total (VP) 2663.877    
Cenococcum Cross < 0.001 < 0.001 0.004 0.004 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) 11.826 88.594   
 residual 3112.678 220.401   
 total (VP) 3124.504    
Thelephora1 Cross 26.462 182.568 0.020 0.020 
 ide(Clone) (VI) 0.002 < 0.001   
 ped(Clone) (VA) 108.231 263.002   
 residual 5372.562 384.651   
 total (VP) 5507.257    
Lactarius Cross 20.801 22.436 < 0.001 < 0.001 
 ide(Clone) (VI) 0.001 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 890.459 60.902   
 total (VP) 911.260    
Russula Cross < 0.001 < 0.001 < 0.001 < 0.001 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 259.515 17.001   
 total (VP) 259.515    
Amphinema Cross 17.626 67.747 < 0.001 < 0.001 
 ide(Clone) (VI) 0.002 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 3182.293 217.636   
 total (VP) 3199.921    
Coltricia Cross < 0.001 < 0.001 < 0.001 < 0.001 
115 
 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 1728.572 113.243   
 total (VP) 1728.572    
Rhizopogon2 Cross < 0.001 < 0.001 < 0.001 < 0.001 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 1266.428 82.966   
 total (VP) 1266.428    
Thelephora2 Cross < 0.001 < 0.001 0.109 < 0.001 
 ide(Clone) (VI) 121.225 61.246   
 ped(Clone) (VA) < 0.001 0.000   
 residual 989.272 81.155   
 total (VP) 1110.496    
Rhizopogon3 Cross < 0.001 < 0.001 < 0.001 < 0.001 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 1397.649 91.563   
 total (VP) 1397.649    
Rhizopogon4 Cross 13.006 32.050 < 0.001 < 0.001 
 ide(Clone) (VI) < 0.001 < 0.001   
 ped(Clone) (VA) < 0.001 < 0.001   
 residual 1426.247 97.689   
 total (VP) 1439.253    
The factor ide(Clone) estimates the non-additive genetic variance component (VI).   The 
factor ped(Clone) genetically links the levels in Clone via a pedigree, and estimates 
additive genetic variance (VA). The factor Cross designates a pairing of parental trees 
associated with each clone.  The total genotypic variation (VG) is calculated by the 
summation of the additive (VA) and non-additive (VI)  genetic variance components.  
Total phenotypic variance (VP) is calculated by summing all variance components.   
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Tylospora: Signal transduction response regulator, receiver domain (IPR001789).  Two-
component signal transduction systems have been found to enable bacteria to sense and 
respond to their environment (Skerker et al., 2005).  Additionally, the two-component 
system is now considered to be an important component in sensing environmental stimuli 
and growth regulators in higher plants (Urao et al. 2000). 
 
Coltricia was found to be associated with a protease-associated domain (IPR003137), 
which can be found in several different proteins.  It is believed that this domain is a non-
catalytic part of proteases that forms a sort of lid structure that covers the active site, 
serving as a regulatory domain (Luo and Hofmann 2001).  Additionally, this domain has 
been identified in plant transmembrane proteins, believed to be vacuolar sorting 
receptors- transmembrane receptors which aid in the recognition and sorting of proteins 
in the Golgi apparatus (Luo and Hofmann 2001, Masclaux et al. 2005). 
 
Tylospora: Glycerophosphodiester phosphodiesterase (GP-PD) domain (IPR030395).  
GP-PDs are hydrolase enzymes which have functional roles characterized in bacteria, and 
more recently in plants, in the production of metabolic carbon and phosphate sources 
from glycerophosphodiesters.  
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Rhizopogon4: The C-terminus is the end of an amino acid chain, Enolase (IPR020810) is 
an essential enzyme in ninth step of the ten enzyme-catalyzed reactions of Glycolysis, but 
may also have several ‘moonlighting’ functions related to other biological processes such 
as transcription and apoptosis (Paudo et al 2015). 
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